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FOREWORD 

The research reported here was undertaken with the objective 

of developing instrumentation suitable for space flight to 

carry out in-flight experiments to assess the effects of space 

flight upon the circulatory and metabolic systems in human 

beings. The main effort in these experiments was directed 

- toward developing a new method to measure cardiac output and 

to develop a system that could be manufactured for space flight 

that would measure the oxygen consumption rate. 

Given the conditions that the skin of the astronauts could 

not be penetrated during space flight, any method of measuring 

cardiac output would require the use of some external technique. 

It was decided to pursue in depth the possibility of utilizing 

previously observed intrathoracic electrical impedance changes 

during the cardiac cycle as a means of determining stroke volume 

and cardiac output. At present the method as described here 

appears to be most useful to determine ratios of cardic output 

while the absolute values obtained by the impedance method pro- 

bably contain a considerable error. Further research is under 

way to attempt to assess the scope and significance of this 

error. The results of these experiments also indicate that a 

new dimension of usefulness of the impedance method will be in 

research and possibly clinical application in the area of 

cardiac dynamics. It appears that the peak height of the first 

derivative of the impedance change waveform is related to the 

rate of energy release by the left ventricle. Further 

* a 
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i n v e s t i g a t i o n  o f  t h i s  f e a t u r e  is  also under way. 

For  t h e  development of a space  f l i g h t  q u a l i f i a b l e  oxygen 

consumption ra te  computing system t h e  major  e f f o r t  i n  t h i s  

i n v e s t i g a t i o n  was d i r e c t e d  toward developing  a l i g h t  weight ,  

r a p i d  r e sponse  system f o r  t h e  a n a l y s i s  of e x p i r e d  a i r .  The 

quadrupole  mass spec t romete r  appea r s  t o  be s u i t a b l e  f o r  t h i s  

purpose.  With f u r t h e r  development it can  be  m i n i a t u r i z e d  
.. 

s u f f i c i e n t l y  f o r  u se  i n  space  f l i g h t .  A p r o t o t y p e  l a b o r a t o r y  

model is  o p e r a t i o n a l  and h a s  been i n c o r p o r a t e d  i n t o  a n  oxygen 

consumption ra te  computing system as d e s c r i b e d  i n  t h i s  r e p o r t .  
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1 Chap. 1 Sect. I 

CHAPTER ONE 

EVALUATION OF THE IMPEDANCE METHOD OF 

MEASURING CARDIAC OUTPUT 

SECTION I. A Comparison between Impedance and Dye Dilution 
Techniques for Estimating Cardiac Output 

Summary - 
A four electrode impedance plethysmographic system was 

developed which apparently monitors left ventricular output. 

Two band electrodes were placed around the subject's neck, a 

third band around the thorax at the level of +he xiphisternal 

joint, and the fourth around the lower abdomen, The upper 

neck electrode and abdomen electrode were excited by a 100 kHz 

constant sinusoidal current and the resultant voltage (impedance) 

changes occurring with the cardiac cycle were monitored from 

the inner two electrodes. Stroke volume was calculated from 

the impedance change information using a formula relating im- 

pedance changes to volume changes in a conducting solid. A 

comparison study with simultaneous impedance and dye dilution 

measurements under rest and exercise conditions was carried out 

on 10 healthy young adult males. Results indicate that the 

impedance method predicts relative changes (ratios) in cardiac 

output with an accuracy of *16 percent with 95 percent confidence. 
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Introduction - 

Prior to the initiation of NASA Contract NAS 9-4500, 

research efforts by the University of Minnesota Physical 

Medicine E Rehabilitation Laboratories had indicated that im- . 
pedance techniques may be applicable to the estimation of beat 

by beat cardiac output (3,4,5,8). A four band electrode 

Fig. 1-1 Subject with four-band electrodes 
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impedance system had been used to estimate cardiac output values 

by an impedance technique. Two conductive strip electrodes 

approximately 6 mm wide were placed around the neck and two 

around the abdomen. The other two electrodes were spaced at 

least 2 centimeters away from the inner electrodes. The inner 6, 

two electrodes were placed, one around the base of the neck and 

the second about two centimeters below the xiphisternal joint. 

A photograph of the subject with metallic bands in the position 

described above illustrates the position of the electrodes 

(fig. 1-11. The outer two electrodes were connected to a con- 

stant current source providing 6 milliamps, 100 kHz sinusoidal 

current. The other two electrodes were connected to a high 

impedance amplifier and suitable detection circuits to provide 

f o r  the determination of the basic impedance between the two 

inner electrodes and also for the impedance change that occurred 

during the cardiac cycle. Cardiac output was then calculated 

f r o m  the impedance data with the aid of the formula shown below 

equation 1-1 

A V  = ventricular stroke volume (cc) 

p = the electrical resistivity of blood at 100 kHz 

(average value 150 ohm-cm) 

L = the mean distance between the two inner electrodes (cm) 

Zo = the basic impedance between the two inner electrodes 

(ohms 1 

A2 = extrapolated maximum impedance change during systole 

as described below. 
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In this earlier work the value of AZ was originally determined 

graphically by extrapolating the maximum decreasing slope of 

the impedance change waveform from the base of the curve at 

the start of systole to the end of ventricular systole as in- 

dicated by the second heart sounds. The extrapolation pro- 

cedure is described in the AZ waveform of f i g .  1-2. 

AZ 

d Z / d t  \ 

H e a r t  
S o u n d  

ECG 

Fig. 1-2 Impedance Waveforms Depicting Analysis f o r  Stroke 
Volume Estimation 
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The slope extrapolation procedure was subject to errors in 

that the drawing of the slope of the AZ waveform was dependent 

upon the judgment of the investigator and also the estimation 

of the end of systole by the second heart sound was often 

difficult or impossible when the subject was undergoing exercise 

or if there were valvular problems causing murmurs in the heart 

sounds. As part of the investigations under the current NASA 

- 

1s 

contract, studies were carried out in which attempts were made 

to reduce the errors in calculating the maximum decreasing 

slope of the impedance change during systole. By taking the 

first time derivative of AZ, dZ/dt, it was possible to accurately 

determine the maximum slope of the impedance change waveform. 

It was also found that a characteristic peak in the dZ/dt 

waveform could be used to determine the end of left ventricular 

ejection. The ejection time, T, was measured from the occurence 

of 0.15 (dZ/dtImin to the positive signed peak occurring with 

the second heart sound as shown in fig. 1-2. The occurence of 

0.15 (dZ/dtImin was chosen for the onset of ejection to eliminate 

from the ejection time determination the slow decrease in 

impedance that occurs with some individuals at the start of 

systole. The product of the negative peak of the first de- 

rivative and T was then used for the value of AZ in equation l. 

Equation 1 then takes the form, 
( 2 )  

where p ,  L and Zo have been defined above in equation 

1 and (dZ/dtImin is the peak value of the first time 

derivative of Zo in ohms per second as shown in fig. 

1-2. T is equal to the ventricular ejection time 
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in seconds as described in fig. 1-2, 

6 

The average cardiac output can then be obtained by multiplying 

AV as determined by equation 2 by the pulse rate and averaging 

over four or five beats. 

Methods - 
To evaluate the impedance method for measuring cardiac 

output, a comparison study with simultaneous impedance and dye 

dilution measurements under rest and exercise conditions were 

carried out on ten healthy young adult males (7). 

trode impedance system, as previously described, was used in 

this study. Electrodes f o r  this study were made by wrapping 

4 mm wide tinned copper braid shielding with a conductive cloth 

(Velcro hi-meg conductive pile B-22-ll-WZ) and then sewing the 

electrodes on Velcro pile f o r  backing. The electrodes were 

fastened together using Velcro # 8 0  hook material. Both neck 

electrodes were sewn on a single two inch backing and each 

electrode used around the abdomen was sewn on a 1" backing. 

During the experiment the impedance change signal, the first de- 

rivative of the impedance change signal, heart sounds and ECG 

A four elec- 

were recorded on a Precision Instrument model 200 FM magnetic 

tape recorder. Simultaneously the impedance change signal and 

the heart sounds were recorded on a Sanborn model 296 direct 

writing recorder. After the experiment, the data on magnetic 

tape were played back and graphically recorded on a Honeywell 

model 1108 Visicorder fo r  analysis. Cardiac output was 

calculated from the impedance data by use of equation 2 and 
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t h e  ave rage  c a r d i a c  o u t p u t  was t h e n  o b t a i n e d  by m u l t i p l y i n g  

t h e  A V  as determined by e q u a t i o n  2 by t h e  p u l s e  ra te  and 

ave rag ing  o v e r  4 beats. The comparison dye d i l u t i o n  c a r d i a c  

o u t p u t  v a l u e s  were o b t a i n e d  u s i n g  t h e  t e c h n i q u e  as f o l l o w s :  

7 

4. The s u b j e c t s  were n o t  premedicated.  The c a t h e t e r s  were 

i n s e r t e d  pe rcu taneous ly  w i t h  t h e  s u b j e c t  sup ine  on a n  x-ray 

t a b l e .  The procedures  were c a r r i e d  o u t  u s i n g  s u r g i c a l  s t e r i l e  

t echn ique .  

* 

Two p e r c e n t  xy loca ine  was i n f i l t r a t e d  ove r  a basil ic v e i n .  

A t h i n  w a l l  s t a i n l e s s  s t e e l  need le  w a s  i n s e r t e d  i n t o  t h e  v e i n  

i n  t h o s e  s u b j e c t s  i n  whom it was o f  s u i t a b l e ’ s i z e .  A number 

f i v e  French s t a n d a r d  woven nylon c a t h e t e r  was t h e n  passed  

through t h e  need le  and up t h e  v e i n ,  t h e  need le  was t h e n  with-  

drawn o v e r  t h e  c a t h e t e r  and o u t  o f  t h e  v e i n .  If t h e  v e i n  w a s  

no t  o f  s u i t a b l e  s i z e ,  S e l d i n g e r  t echn ique  ( 9 )  w a s  used w i t h  t h e  

v e i n  be ing  punctured by a t e f l o n  s l e e v e d  number 1 9  French per -  

cutaneous needle’ (Cook Catheter Co.). The s teel  need le  and 

s t y l e t  w e r e  removed l e a v i n g  the t e f l o n  p a r t  o f  the  n e e d l e  w i t h i n  

t h e  lumen of  t h e  v e i n .  A t e f l o n  coa ted  gu ide  w i r e  (Cook 

C a t h e t e r  Co.1 w i t h  a . f l e x i b l e  t i p  was t h e n  passed  through t h e  

p l a s t i c  need le  i n t o  t h e  v e i n  and t h e  n e e d l e  removed. A t e f l o n  

rad iopaque  c a t h e t e r  (Cook C a t h e t e r  Co.) w a s  t h readed  o v e r  t h e  

guide  w i r e  and advanced i n t o  t h e  ve in .  The catheter  w a s  7 0  c m .  

long  w i t h  an  i n t e r n a l  d i ame te r  o f  1 . 1 6  mm. and a n  o u t e r  d iameter  

of  1 . 5  mm. The nylon c a t h e t e r ,  o r  t h e  t e f l o n  c a t h e t e r  w i t h  

i t s  gu ide  w i r e  extended w a s  t h e n  p o s i t i o n e d  under  f l u o r o s c o p i c  

c o n t r o l  so t h a t  t h e  t i p  w a s  i n  t h e  s u p e r i o r  venacava. 
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Arterial intubation was done using the brachial artery, 

except once where the radial artery was used. 

site was infiltrated with 2 percent xylocaine. 

The puncture 

The artery 

was then cannulated using the teflon sleeved percutaneous 

needle described above. After removal of the inner steel -6 

needle and stylet, the plastic needle was anchored to the skin 

by one silk suture. 

The teflon needle or catheter was attached directly to 

a densitometer (model X-302, Waters eo.> which in turn was 

connected to a constant flow infusion-withdrawal pump (model 

600-900 Harvard Apparatus C o . ) .  The sampling system was sterile 

so that blood withdrawn during a recording was then immediately 

infused. Patency of the arterial system was maintained by 

slowly infusing heparinized saline between measurements. 

The venous catheter was carefully overfilled with the 

indicator, Cardiogreen dye. For  each measurement one ml of 

the solution containing five mg of the dye was injected from 

a calibrated syringe. Arterial blood was sampled at a rate 

of 38.2 ml/min. The dye dilution curve was recorded on an 

electron beam recorder (model DR-8 Electronics for Medicine) 

with a paper speed of five mm/sec. The linear dye curve, and 

its electronically derived logarithm and integral, were si- 

multaneously recorded. Dye calibrations for the linear de- 

flection and its integral were done at the end of the procedure 

using the same connections that were used during the studies. 

The calibrations were done by preparing a 10 mg/L dye con- 

centration in a blood sample. This dilution, as well as a 

7 
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blank, was prepared from a 50 ml sample of blood withdrawn be- 

fore the first dye curve was done. All calibrations were done 

in duplicate. 

respond linearly to changes in the concentration of dye in the 

The densitometer had previously been shown to 

blood. 
41 

Cardiac output values were calculated by the Stewart- 

Hamilton formulas (10). The area under the linear dye curve 

was obtained from the integral deflection. The validity of 

these measurements was established by periodically checking 

these values against the areas obtained by planimetric inte- 

gration of the curve. Recirculation of dye was excluded by 

using the linear part of the disappearance slope of the log- 

arithm curve as presented mathematically by Hepner, et a1 ( 2 ) .  

After completion of the studies the catheters and needles 

were rem0ve.d and the point of entrance compressed for a few 

minutes to prevent hematoma formation. The puncture sites 

were then covered by a band-aid. 

Procedure - 
Twelve comparison measurements were made between the 

impedance technique and the dye dilution method of measuring 

cardiac output of 10 young, normal Caucasian male subjects. 

The comparison measurements were made under the following ex- 

periment conditions : 

ELAPSED TIME EXPERIMENTAL CONDITION 

(minutes 1 

0-20 
- 

(1) 2 0  minute rest -- supine 
2 2  ( 2 )  control measurement CIA -- supine at rest 
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ELAPSED TIME 
(minutes) 
25 
35 

3 8  

39  

43 

45 

45-65 

67 

7 0  

71 

75 

77 

77-97 

98 

101 

EXPERIMENTAL CONDITION 

( 3 )  control measurement CIB-- supine at rest 
(4) control measurement sitting on 

( 5 )  control measurement C2B-- sitting on 

(6) start exercise on bicycle for 6 minutes 

bicycle at rest 

bicycle at rest 

with a work load of 30 watts/sq. M. 
pedaling 60 R.P.M. 

after start of exercise 

61 

- 

(7) experimental measurement EIB-- 4 minutes 

( 8 )  experimental measurement EIC immediately 
(within 5 sec.) following 6 minute work 
period 

(9) 20 minute recovery period after exercise -- 
sitting on a stool 

(10) recovery measurement RIA -- sitting on 

(11) recovery measuremefit RIB -- sitting on 

(12) exercise on bicycle for 6 minutes at a 

bicycle after exercise 

bicycle after exercise 

work load of 60 watts/sq. M. pedaling 
at 60 R.P.M. 

(13) experimental measurement E2B -- 4 minutes 

(14) experimental measuremeht E2C immediately 
after start of- exercise 

(within 5 secs.) following 6 min. work 
period 

sitting on a stool 

bicycle ergometer 

bicycle ergometer 

(15) 2 0  minute recovery- period after exercise -- 

(16) recovery measurement R2A-- sitting on the 

(17) recovery measurement R2B-- sitting on the 
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The impedance determined cardiac output measurements were 

made either near the time when the peak occurred in the dye 

dilution curve or immediately after recirculation appeared on 

the dye dilution curve. In the comparison measurements made 
d after 6 minutes of work (ElC, the dye dilution curve 

was made with the subjects pedaling the bicycle and impedance 

measurement was made immediately (within 5 seconds) after they 

had stopped in order to eliminate motion artifacts. All of the 

impedance measurements were made with the subjects holding 

their breath. 

Results - 

Two approaches were taken to assess the value of the im- 

pedance method in predicting cardiac output. The first was to 

determine whether the impedance method could predict absolute 

cardiac output values comparable with those of a simultaneous 

dye dilution measurement. The second approach was to evaluate 

the impedance method's ability in predicting relative changes 

in cardiac output under various rest and exercise conditions. 

In general, cardiac output values calculated by the im- 

pedance technique were larger than the simultaneous values 

obtained by the dye dilution technique, consequently the data 

were examined for a constant by which the impedance value could 

be divided to provide absolute value correlation with the 

simultaneous dye dilution values. The ratio between the im- 

pedance calculated cardiac output and the dye dilution cardiac 

output was determined f o r  each simultaneous measurement. 
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Table 1-1 shows the average of these ratios f o r  the various 

experimental conditions for each subject. The average of' these 

ratios as shown in the lower right hand corner of Table 1-1 was 

then used as a weighting constant. 

cardiac output value was divided by this weighting constant and 

plotted against the corresponding dye dilution value and is shown 

in fig. 1-3 as group corrected cardiac output. 

represent *20 percent deviation from the perfect correlation 

4 5 O  line. 

Each impedance calculated 

The dotted lines 

. I  

/ 

AISOLVI'E CARDIAC OWCrUT / 

Fig. 1-3 Plot of group corrected cardiac output values 

To assess the value of the impedance method in predicting 

the changes in cardiac output under rest and exercise conditions 

f o r  an individual subject, a weighting constant f o r  each subject 

was determined by taking the average of the ratios of the 

simultaneous impedance calculated cardiac output and dye 

dilution cardiac output (right hand column of Table 1-11. 
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Each subject’s impedance calculated value was then divided by 

his particular weighting constant. 

parison are shown in fig. 1-4 as individual corrected cardiac 

output. The cardiac output values appearing in figs. 1-3 and 

1-4 were calculated by use of the peak negative value of the 

derivative multiplied by T (fig. 1-2). 

The results of this com- 

INDIVIDUAL LOKRtLlLU CARDIA 
l6 - Total Number of Points :  l l ~  

85% within 2 0 t  l i n e s  

. - /  . 
. I /  / A 

19 - 
13. 

12 

11 - 

DYE CARDIAC OUTPOT: Llnin 

Fig. 1-4 Plot of individual corrected cardiac output 
values 

Graphs of normalized dye dilution cardiac output and im- 

pedance values were plotted for each subject for the various 

experimental conditions. The group average for each experimental 

condition as determined from the individual subject graphs was 

then calculated and plotted as a composite graph for both im- 

pedance and dye methods of calculating cardiac output as shown 

in fig. 1-5. This graph indicated the average response of the 
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entire group to changes in cardiac output as predicted by the 

impedance and dye techniques. 

COHMSITE GRAPH 
NOUULIZED 10 S u u E c r S  

I 

Fig. 1-5 Normalized graph of the average cardiac output 
values, stroke volumes and pulse rates for ten 
subjects 

A further statistical analysis of the data was performed 

using the variance of the paired impedance and paired dye 

values f o r  each experimental rest condition (supine, sitting on 

the bicycle and recovery). The reproducibility values were 

calculated, using only paired rest conditions and not paired 

exercise conditions (ElB, EIC and E Z B ,  E2c) in order to reduce 

as far as possible variations in estimating true cardiac output 

between paired measurement and thus give a better estimate of 

measurement error. The following summarizes the techniques 

and results of this analysis. A more complete discussion is 

given in Appendix I. 
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Fig. 1-6 Individual subject scatter plots with best fitting straight 
line and theoretical scatter reference lines as described 
in text. 
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Scatter plots of the impedance-dye comparison data for 

each subject are shown in figs. 1-6(a) through 1-6(j>. The 

solid lines are the "best fitting" straight lines through the 

origin. The dashed lines are calculated to theoretically con- 

tain 68% of the points assuming the scatter about the solid 

line is due only to measurement error of the two techniques. 
- 

Since figs. 1-6(a-j) are plots from ten different subjects 

it is obvious that different people have different curves re- 

lating their dye readings and impedance readings. Each graph 

has scatter, of course, but the analysis performed suggests that 

there is no more scatter than can be explained by the measure- 

ment errors of the two techniques and a true curve is a straight 

line (different f o r  each subject) through the origin. 

This conclusion was reached by the following argument: 

transforming both measurements by taking logarithms, lines 

through the origin with slopes Si on the original scale became 

lines of unit slope with intercepts log Si on the log scale. 

The residual variance of log dye for a given log impedance is 

then the sum of the replication variance for log impedance. The 

estimates of these replication variances are . 0 0 1 9 7  and .00056, 

respectively; they were obtainable because almost every ob- 

servation was repeated and the estimated variances would then 

be pooled (1). Thus the standard deviation of log dye for a given 

log impedance is 4.00197 + .00056'= . 0 5 0 3 ,  so it follows that 

approximately 68% of the observations on the log scale should 

fall within , 0 5 0 3  of a line with unit slope and intercept log Si. 
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Since log-’ .0503 = 1.12 and U1.12 = .89, 68% of the original 

observations should lie between the lines: 

y = 1.12Six and y = .89Six. 

These lines are the dashed ones in figs. 1-6(a-j). 

The Si were estimated by the rule: 
-1 Si = log Cave log dye -ave log impedance], 

noted that most of the points do lie within the dotted boundaries, 

It may be - 

whereas the measurement errors of both dye and impedance imply 

that 32% should be outside. We conclude that it is very 

plausible that the true graph of each subject is approximately 

a straight line through the origin. 

If it were a fact that the true graph for each subject is 

a straight line through the origin, an experimenter would not 

need to have calibrated his subject, i.e., determine the true 

line, to know that a ratio of two impedance readings at different 

conditions conditions would estimate the ratio of cardiac outputs. 

Assuming the variation of each of the two impedance readings to 

be that only of measurement error, it turns out that the ratio 

of the two readings is accurate to within 17% with 95% confidence. 

Proceeding in a similar fashion, it turns out that the ratio of 

two dye readings is accurate to within 33% with 95% confidence. 

The implications of the previous two sentences are that the 

ratio of twa impedance readings might be a more accurate measure 

of the ratio of cardiac outputs than the ratio of dye measurements. 

Discussion - 
A visual comparison of the difference in the scatter of 

data points presented in figs. 1-3 and 1-4, as group corrected 
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and individual corrected impedance cardiac output values, in- 

dicates subject to subject variation in the impedance data. 

The subject to subject variation is also illustrated in the right 

hand column of Table 1-1 where the average weighting constant 

for each subject is shown along with the standard deviation of 

these weighting constants. Future investigations will be aimed 

at determining a universal correction factor or subject parameter 
- 

that may reduce or eliminate the subject to subject variation, 

and consequently will allow estimation of absolute cardiac out- 

put values with higher accuracy than is now obtainable. 

The composite graph (fig. 1-51 suggests that, on the 

average for all 10 subjects, the experimental impedance method 

provided the same physiological information concerning relative 

changes in cardiac output as the reference dye dilution technique. 

The data obtained in this study indicate that the repro- 

ducibility of single impedance observations of cardiac output 

is greater than f o r  a similar value obtained by the dye dilution 

technique. Likewise the results indicate that the ratio of two 

cardiac output values obtained by the impedance method is more 

accurate than a similar ratio obtained by the dye dilution 

technique in predicting true dye cardiac output ratios. This 

finding should have application in situations where the relative 

change in cardiac output is an important parameter and where 

the absolute values of cardiac output are of secondary value. 
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Appendix 1 

D i l u t i o n  and Impedance Methods of Es t ima t ing  Card iac  Output 

James Boen, Ph.D. 
Dept. o f  B i o s t a t i s t i c s  

U n i v e r s i t y  of Minnesota School of P u b l i c  Hea l th  

Suppose t h a t  w e  a d d r e s s  o u r s e l v e s  t o  t h e  e s t i m a t i o n  of 

r a t i o s  of c a r d i a c  o u t p u t s .  That i s ,  g iven  two impedance method 

c a r d i a c  o u t p u t  r e a d i n g s ,  z1 and z a t  d i f f e r e n t  p h y s i o l o g i c a l  2 ,  
l e v e l s ,  w i t h  what accuracy does z2/z1 estimate t h e  r a t i o  of t h e  

two " t r u e  " c a r d i a c  o u t p u t s  f o r  t h a t  i n d i v i d u a l .  (We do n o t ,  of 

cour se ,  know what t h e  t r u e  cardiac o u t p u t  f o r  anyone a t  anytime 

i s ,  b u t  w e  "de f ine"  it as t h e  [conceptua l ]  average  of an  i n -  

f i n i t e  number of dye measurements). L e t  zit denote  t h e  i m -  

pedance measurement on i n d i v i d u a l  i a t  t i m e  t and l e t  dit denote  

t h e  dye measurement on i n d i v i d u a l  i a t  t i m e  t .  Then 

Z itl 

Z it 

ditl 

dit2 
- e x a c t l y  f o r  a l l  i, 5' and t 2  i f ,  and on ly  i f  , 

t h e  graph of  z vs  d i s  a s t r a i g h t  l i n e  through the o r i g i n  f o r  

person i. 

t h a t  dit - a . z  

through 1 - 6 ( j )  ( t h e  z v s  d p l o t  f o r  each of  t h e  1 0  s u b j e c t s  

of the s t u d y )  makes it clear t h a t  a l l  the  p o i n t s  do no t  l i e  on 

That is ,  t h e r e  e x i s t s  a p o s i t i v e  c o n s t a n t  ai such 

f o r  a l l  t > O .  A g l ance  a t  f i g s .  1 - 6 ( a )  
1 it 

a s t r a i g h t  l i n e ,  l e t  a l o n e  through t h e  o r i g i n .  However, t h e r e  

i s  c e r t a i n l y  measurement e r r o r  i n  both z and d ,  so t h a t  it i s  

n a t u r a l  t o  ask whether t he  matter  could  be exp la ined  by 
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measurement error of the two techniques. If it is assumed that 

the percent error for each type of measurement is constant, it 

follows that Var (log zit) = a2 

are independent of the level of cardiac output. If there 

exists ai such that the long run average of zit, call it Zit, is 

and Var (log dit) = a210g d log z 

related to the long run average of dit, call it Dit , by the 
equation Dit = aiZit, then we have that log Dit = log ai t log Zit. 1 

Let log dit = log Dit + Sit and log zit = log Zit t cit where 
the 6 ' s  and 5 ' s  are random variables with expectation 0 and 

variances a210g and a210g z' respectively. Then it follows 

that l og  dit = log ai + log Zit - 6it t cit so that the con- 

ditional variance of log dit for a given log zit is a2 

since 

Thus approximately 68% of the observations should fall within 

a210g z log d 
and cit are assumed to be stochastically independent. 

Ja log d + azlog . Equivalently, transforming back from the 

log scale, about 68% of the observations should fall between 

D = aiClog-l&210g a210g z )lZ and 

Using log dit - log zit as an estimate of log a i' we have 

are estimated by pooling 

the variances obtained from the duplicate measurements of z and 

an estimate of ai; a210g and G2log z 

d in non-exercise positions. In our case the estimates turned 
A 

c) 

out to be a210g = .00197 and a210g = .000562 so that the 

is .0503. Since 10g-~.0503 = 1.12 estimate of JaZlog O2log z 

and [10g-~.O503]-~= .89, we would expect that 6 8 %  of the obser- 

vations for individual i should lie within D = ail.12Z and 
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D = a . ( . 8 9 ) Z  i f  t h e  on ly  e r r o r s  are measurement e r r o r s .  A 1 

survey of f i g s .  1-6(a-j) sugges t s  t h a t  t h e  mod might w e l l  

e x p l a i n  t h e  graphs  s i n c e  it looks e a s i l y  as though 2 / 3  o f  

t h e  o b s e r v a t i o n s  l i e ,  on t h e  average ,  w i t h i n  t h e  boundary l i n e s .  

The f i n a l  s t a t i s t i ca l  p o i n t  i s  t h a t  of  t h e  e r r o r  of 

z / z  ; t o  c a l c u l a t e  it w e  t r ans fo rm back t o  t h e  l o g  scale. 

t o  be only  measurement Assuming t h e  v a r i a t i o n  o f  zit2 

e r r o r ,  as argued by t h e  previous  paragraphs ,  it fo l lows  t h a t  

it2 itl - 
and Ziti 

are independent .  

- l o g  Ziti) = 2 dlog z ,  so  about  68% of  t h e  
and Ziti Z it2 

Now Var(1og zit 
2 

- l o g  z , l i e  w i t h i n  J 2  alog = . 0 3 3 2 ,  and itl observed l o g  zit 
2 

95% l i e  w i t h i n  2 4 2  ulog = . 0 6 6 4  of l o g  zit - l o g  Zit . 
2 1 

Thus about  68% o f  t h e  observed zit 

1 . 0 8  (zit  /ziti) and (1 /1 .08 ) (z i t  /'itl )and  95% l i e  w i t h i n  

1.17(zi t  / z  1 and 1 /1 .17(z i t  /'itl 1. Hence t h e  z-method 

g ives  r a t i o  measurements w i t h i n  8 %  w i t h  6 8 %  conf idence  and 

/ Z  itl l i e  w i t h i n  
2 

2 2 

2 itl 2 

w i t h i n  1 7 %  w i t h  9 5 %  conf idence .  Proceeding i n  a similar f a s h i o n ,  

it fo l lows  t h a t  t h e  d-method g i v e s  r a t i o  measurements w i t h i n  

1 5 %  wi th  6 8 %  conf idence  and w i t h i n  33% wi th  95% conf idence .  

The i m p l i c a t i o n s  of t h e  prev ious  two sen tences  are  t h a t :  

z / z  

dit 2/ditl 
11% wi th  68% conf idence  and 2 3 %  w i t h  95% confidence.  

might be a more a c c u r a t e  measure of Dit /Ditl t h a n  
it2 itl 2 . For s i n g l e  o b s e r v a t i o n s  t h e  dye va lues  w e r e  w i t h i n  

I n  summary, t h e  s ta t i s t ica l  argument i s  as fo l lows .  I f  

w e  knew t h a t  t h e  curve  c a l i b r a t i n g  z t o  d for a given person 

were a s t r a i g h t  l i n e  through t h e  o r i g i n ,  an  observed z - r a t i o  
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would estimate the same thing as an observed d-ratio. The 

evidence that they are nearly straight lines through the origin 

consists of noting that the variation about the fitted lines 

is roughly that expected from the measurement errors in both 

z and d. It is important to bear in mind that the scatter in 

the graphs is due to both z and d measurement error. 
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SECTION 11. Evaluation of the Impedance Cardiac Output 

Method by Other Laboratories 

Summary - 
Impedance cardiac output systems were delivered and 

installed at the University of Alabama and Duke University 

f o r  evaluation of the impedance cardiac output technique. 

A comparison study between the impedance cardiac output 

method and indicator dilution technique was carried out on 

13 healthy male subjects by the Duke University Department 

of Medicine. In addition beat by beat impedance stroke 

volumes were compared with simultaneous stroke volumes ob- 

tained by the pressure gradient technique on two patients. 

Results on the 13 subjects with one control and one elevated 

cardiac output measurement agree with the University of 

Minnesota findings that at present the impedance method is 

most reliable for determining ratios of cardiac output. 

Impedance-pressure gradient comparisons of beat by beat 

stroke volumes resulted in correlation coefficients of .91 

and.93 also suggesting that the impedance technique may be 

a reliable indication of relative changes in cardiac output. 

These results agree with University of Minnesota findings. 

Introduction - 

To provide proper evaluation of the impedance method for 

measuring cardiac output comparison studies should be carried 

. 
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out by several impartial laboratories. 

NASA requested the University of Minnesota Laboratories to 

deliver impedance cardiac output systems to Dr. Glenn Foster, 

University of Alabama Medical Center and to Dr. Joseph C. 

Greenfield, J r . ,  Duke University, Durham, North Carolina. 

The units were installed and instructions given for deter- 

As a first step the 

* mining cardiac output by University of Minnesota personnel. 

The two laboratories were to compare the impedance method 

with the indicator dilution technique or other accepted 

techniques on patients and/or subjects. The reports of re- 

sults were then to be transmitted to the University of 

Minnesota. 

At the time of delivery of the units the technique for 

calculating impedance cardiac output was by graphical ex- 

trapolation of the impedance waveform AZ, as described in 

equation 1, Section I, Chapter One. Subsequently all com- 

parisons reported by these laboratories were obtained by 

this technique, rather than the calculation method using the 

first time derivative, dZ/dt (equation 2, section I, chapter 1). 

Results of the comparison study at Duke University have 

been reported to the University of Minnesota and are summarized 

in the following paragraphs. The University of Alabama has 

apparently decided not to pursue the comparison study since 

there has been no communication to the University of Minnesota. 
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Methods 

Simultaneous indicator dilution curves (dye) and im- 

pedance records were obtained in 13 healthy male subjects before 

and after intravenous infusion of isoproterenol. Cardiac out- 

put was also measured simultaneously by dye and impedance 

methods in 24  patients, 9 had mitral valve disease, 4 aortic 

valve disease, 5 hypertensive heart disease, 2 chronic lung 
c 

disease, 2 myocardial disease, and 2 had only arrhythmias. 

Six of the pa$ients had atrial fibrillation and in two of these 

impedance stroke volume was compared to simultaneous direct 

measurement of stroke volume by the pressure gradient technique (1). 

A Medtronic impedance cardiac output system model 2110 

with four electrodes was used according to the University of 

Minnesota methods described in section I of this chapter. The 

impedance change signal from the inner two sensing electrodes 

was displayed on an oscilloscope and recorded by Honeywell 

Visicorder together with EKG and a phonocardiogram from the 

second left interspace. All measurements were made during re- 

laxed mid-expiratory apnea. 

change was determined graphically and the stroke volume was 

The value of the maximum impedance 

calculated according to equation 1, section 1 of this chapter. 

For  all impedance cardiac output determinations stroke volume 

was taken as the mean for ten consecutive heart beats. Indicator 

dilution curves were obtained following injection of indocyanine 

green with the Colson-Gilford densitometer. In the patients 

undergoing diagnostic cardiac catheterization the dye was in- 

jected into either the right heart or main pulmonary artery and 

sampled from the left radial artery. In the other subjects the 
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dye was injected into the median cubital vein and arterial blood 

was sampled from a brachial artery. 

Results - 
Simultaneous measurements of impedance and dye dilution 

cardiac output before and after isoproterenol in 1 3  subjects 

gave 26 paired values for cardiac output. The resulting re- 

gression equation was: 

impedance cardiac output = 2.93 + 0.86 L/min with a 

standard error of 2.33 liters per minute and a correlation co- 

efficient r = 0.68. The results of the study on 1 3  subjects 

is summarized in fig. 1-7. 

20 

18 

14 
a c 

4 

i 

y -  2.93 + 0.86x(f2.33) L/Min. 
r l  0.68 

0 CONTROL 
A ISOPROTERENOL 

1 I I I I 

2 4 6 8 IO 12 14 

IND. OIL. - CARDIAC OUTPU’F: L /?din. 

Fig. 1-7 Cardiac Output Response to Isoproternal as Measured by 
Impedance and Dye Method in 1 3  Healthy Subjects 
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In the 24 patients reasonable correlation was found by in- 

spection. All values except four fell within the standard 

confidence limits derived from the normal subjects but the 

mean was nearer to the line of identity. Two of the four had 

significant aortic regurgitation and one had mitral re- s 

gurgitation and severe pulmonary hypertension. 

the impedance estimation exceeded the dye estimate considerably. 

In three other patients with less severe mitral regurgitation 

In these three 

the ratio of the impedance and dye estimates was close to unity. 

One patient with pure aortic stenosis and another with a 

similar degree of aortic stenosis but with mild regurgitation 

also gave ratios close to unity. In one patient with ischemic 

heart disease the dye estimate greatly exceeded the impedance 

estimate. In the six patients with atrial fibrillation im- 

pedance stroke volume was found to vary with the preceding 

cycling, the relationship differing slightly in each patient. 

0 

Fig. 1-8 Comparison of Impedance and Pressure Gradient 
Technique Estimations of Stroke Volume 
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In the two patients in whom the stroke volumes for individual 

beats were estimated simultaneously by impedance and pressure 

gradient techniques resulting correlation coefficients were 

r = 0.91 and r = 0.93 for each patient. Results of comparison 

between the pressure gradient technique and the impedance 

technique for estimating stroke volume on one patient is 

shown in fig. 1-8. 
* 

- Discussion by Dr. Joseph C. Greenfield, Jr., Duke University 

These preliminary findings in a small group of subjects 

support a direct relationship between stroke volume and thoracic 

electrical impedance during the first part of a cardiac cycle. 

From the present study the correlation between the dye and 

the impedance cardiac output appears to be less than published 

estimates for indicated dilution techniques and the Fick method. 

However the beat to beat correlation of impedance stroke volume 

with that measured directly by the pressure gradient technique 

appeared to be closer than the correlation of impedance and 

dye cardiac output. Nevertheless, much larger samples are 

required to allow a more accurate statistical analysis. Clearly 

close attention to technique particularly electrode placement 

and respiration is necessary to minimize variation, both in 

individuals and from patient to patient. An atraumatic method 

of estimating cardiac output and beat to beat changes in stroke 

volume is attractive in a number of fields, particularly 

physiological monitoring, coronary care facilities and hospital 

outpatient use. The method deserves further evaluation. 
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Discussion - 

The findings of Dr. Greenfield are in agreement with 

those results found by our laboratory in a comparison study 

on human subjects (Chap. 1, Sect. I>. Results in fig. 1-7 

are comparable to the University of Minnesota findings. The 

variety of slopes of the lines connecting two cardiac output 

levels for the 13 different subjects is characteristic of the 

results found on 10 University of Minnesota subjects 

(figs. 1-6a through 1-6j1. Since there are only two levels 

of cardiac output, one control and one resulting from iso- 

proterenal, (fig. 1-71 it is impossible to determine an actual 

regression line for each subject and subsequently to determine 

if a regression line would pass through or near the axes of 

origin. The reproducability of each method cannot be tested 

from the limited data available. 

Dr. Greenfield's results obtained by comparison of im- 

pedance stroke volumes with pressure gradient technique stroke 

volumes (fig. 1-81 on an individual subject are similar to those 

obtained by the University of Minnesota when comparing impedance 

stroke volumes against simultaneous beat by beat electromagnetic 

flowmeter stroke volumes on dogs (Chap. 1, Sect. 1111. 

Fig. 1-8 suggests that the impedance techniques could be used 

to monitor relative changes in stroke volume and cardiac output 

and yield essentially the same information as the pressure 

gradient technique. 

It is of interest to note that impedance cardiac output 

values obtained on patients with severe aortic regurgitation 
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were considerably higher than those measured by the dye method. 

Chapter Four of this report describes animal experiments in 

which the results indicated that the peak value of dZ/dt, the 

first derivative of the thoracic impedance waveform, was 

linearly related to peak flow in the ascending aorta. Further 

dog experiments suggested that the aorta may be the site of 

origin of the impedance waveform. If the preceding inferences 

are correct then the patient with aortic regurgitation would be 

expected to have a lower cardiac output as measured by the dye 

method while pea$ aortic flow may be high and thus reflected 

in the peak value of dZ/dt. 

multiplied by the ejection time is equivalent to the extra- 

polated value of AZ as used by Greenfield in calculating im- 

Since the peak value of dZ/dt 

pedance stroke volume, the impedance cardiac output values 

could be larger than the dye method values. This would be due 

to the probability that the impedance method also measures at 

least part of the regurgitation of blood back'into the left 

ventricle. 

The results determined by Greenfield are in agreement 

with those obtained by the University of Minnesota. 

REFERENCES 

1. Barnett, G.O., J.C. Greenfield Jr., and S.M. Fox, 111. 
The Technique of Estimating the Instantaneous Aortic 
Blood Velocity in Man from the Pressure Gradient. 
American Heart Journal, 6 2 : 3 5 9 ,  1 9 6 1 .  



Chap. 1 Sec t  I11 34 

SECTION 111. Comparison of t h e  Impedance Method 

w i t h  Elec t romagnet ic  Flowmeter Measure- 

ments on  Dogs 

Summary - 
The impedance plethysmographic  method fo r  e s t i m a t i n g ,  

beat by beat, s t r o k e  volume i n  dogs w a s  compared w i t h  s imul-  

taneous  b e a t  by beat s t r o k e  volumes o b t a i n e d  from ana log  i n -  

t e g r a t i o n  of ascending  a o r t i c  f l o w  waveforms as measured by 

an e l ec t romagne t i c  blood flowmeter. Ranges of s t r o k e  volume 

were produced by p a i r e d  p u l s e  pac ing  of t h e  heart  i n  f o u r  

dogs and by i n j e c t i o n  of I s o p r o t e r e n o l  i n  a f i f t h  dog. A 

t y p i c a l  r e s u l t  i s  g iven  by t h e  least  s q u a r e s  equa t ion :  

Impedance s t r o k e  volume = (1 .30  f l o w m e t e r  s t r o k e  volume - 3 . 3 5 ) ~ ~  

w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  of . 9 7  and a s t a n d a r d  error o f  

estimate of 2 . 7  cc. o v e r  a range of s t r o k e  volumes from 1 0  

t o  38  CC. as measured by t h e  f l o w m e t e r .  The o f f s e t  o r  i n t e r -  

c e p t  (-3.35 cc) i s  a t t r i b u t e d  t o  a random error  i n  es t i -  

mating zero f l o w  of t h e  flowmeter waveform. Comparison of  

t h e  least s q u a r e s  r e g r e s s i o n  l i n e s  between experiment  showed 

an unexpla inable  unique s l o p e  for each animal.  Subsequent ly  

t h e  impedance technique  should  be  v a l i d  under  t h e  c o n d i t i o n s  

of t h e  experiments  f o r  e s t i m a t i n g  r e l a t i v e  changes of beat 

by b e a t  s t r o k e  volume and cardiac ou tpu t .  

a I 
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I n t r o d u c t i o n  - 
An a t t r a c t i v e  f e a t u r e  of t h e  impedance method for  

mon i to r ing  cardiac o u t p u t  is  its beat by beat e s t i m a t i o n  

of s t r o k e  volume. If such  a t echn ique  can  be documented 

t o  y i e l d  a c c u r a t e  r e s u l t s  t h e n  t r a n s i e n t  r e sponses  o f  the  

heart can be e a s i l y  observed ,  V a l i d a t i o n  of t h e  impe- 

dance method s h o u l d  i d e a l l y  be by comparison w i t h  an 

accep ted  beat by beat t echn ique  f o r  moni tor ing  c a r d i a c  

o u t p u t  , Unfor tuna te ly  however, the  two most g e n e r a l l y  

accep ted  t echn iques  f o r  moni tor ing  c a r d i a c  o u t p u t ,  i n d i -  

c a t o r  d i l u t i o n  and F i c k  t echn ique  y i e l d  on ly  average  

v a l u e s  o v e r  s e v e r a l  s t e a d y  state cardiac c y c l e s .  Docu- 

menta t ion  of t he  impedance t echn ique  i n  humans can  t h e n  

a t  best be done by ave rag ing  the impedance s t r o k e  vol-  

umes o v e r  a t i m e  i n t e r v a l  and assuming t h a t  the  corres- 

ponding accep ted  method measurement reflected the  same 

c a r d i a c  c y c l e s  , 

An a l t e r n a t i v e  approach t o  e v a l u a t i o n  of t h e  beat 

by beat impedance method is  a comparison w i t h  beat by 

beat t echn iques  a p p l i c a b l e  on expe r imen ta l  an imals  The 

e l e c t r o m a g n e t i c  flowmeter i s  a g e n e r a l l y  accep ted  tech- 

n ique  fo r  de te rmin ing  p u l s a t i l e  f l o w  and t h u s  p r o v i d i n g  

a means fo r  beat by beat e v a l u a t i o n  of the  impedance tech- 

n ique ,  The purpose of t h e  s t u d y  desc r ibed  i n  t h i s  s e c t i o n  

waa t o  compare s t r o k e  volume e s t i m a t i o n s  by the impedance 

t echn ique  w i t h  s imul taneous  stroke volumes computed from 

4 
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e l e c t r o m a g n e t i c  flowmeter waveforms. 

t echn ique  i s  b a s i c a l l y  a s t r o k e  volume e s t i m a t i o n  method 

Since  the  impedance 

(as opposed t o  minute cardiac o u t p u t  f r o m  t h e  i n d i c a t o r  

d i l u t i o n  method) t h e  b e s t  e v a l u a t i o n  t echn ique  w a s  t o  

vary stroke volume ove r  a wide range  r a t h e r  t h a n  va ry ing  

c a r d i a c  ou tpu t  s i n c e  under some c o n d i t i o n s  c a r d i a c  o u t p u t  

changes might reflect  only  p u l s e  rate changes. 

Methods - 
Experiments were performed on 20 ki logram male mon- 

g r e l  dogs a n e s t h e t i z e d  w i t h  p e n t o b a r b i t o l  a t  t h e  rate of 

30 mg/kg. Following a l e f t  thoracotomy a n  e l e c t r o m a g n e t i c  

flowprobe (Bio t ronex  Laboratory Inc .  Model 410  Blood Flow- 

meter) was a c u t e l y  implanted on the  ascending  aorta t o  

monitor l e f t  v e n t r i c u l a r  ou tpu t .  I n  a d d i t i o n  electrode 

leads fo r  a Medtronic Inc.  Model 5837 p a i r e d  p u l s e  pace- 

maker were sewn i n t o  t h e  l e f t  a t r ium t o  c o n t r o l  heart ra te ,  

A f t e r  c l o s u r e  of t h e  chest the animals  were p laced  on a con- 

t i n u o u s  s u c t i o n  t o  e l i m i n a t e  any pneumo-thorax and band 

e l e c t r o d e s  for t h e  impedance measurements were attached 

(see Chap. 1, Sec t ion  I f o r  e l e c t r o d e  c o n f i g u r a t i o n ) .  The 

ins t rumented  an imals  were allowed t o  s t a b i l i z e  f o r  about  

one hour  before measurements were made. 

The exper imenta l  p r o t o c o l  w a s  b a s i c a l l y  t h e  r e c o r d i n g  

on magnetic t a p e  of aortic flow, impedance change, AZ,  the  

first d e r i v a t i v e  of A Z ,  dZ/d t ,  and t h e  ECG ove r  a wide 
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range of p u l s e  rates as c o n t r o l l e d  by t h e  p a i r e d  p u l s e  

pacemaker. 

ana log  computer t echn iques  from t h e  aor t ic  f l o w  waveforms, 

S ince  the p e r i p h e r a l  r e s i s t a n c e  of t h e  animal was rela- 

t i v e l y  c o n s t a n t  under t h e  exper imenta l  c o n d i t i o n s ,  t h e  

S t roke  volumes were t h e n  computed by standard 

cardiac o u t p u t  remained n e a r l y  c o n s t a n t  and t h u s  t h e  s t r o k e  

volumes were i n v e r s e l y  p r o p o r t i o n a l  t o  p u l s e  rate, Using 

t h i s  t echn ique ,  s t roke volumes d i f f e r i n g  by a factor  of 

three t o  f o u r  were a t t a i n a b l e  o v e r  a p u l s e  ra te  range  of 

60 t o  1 8 0  bpm on t h e  i n d i v i d u a l  animal.  

To e v a l u a t e  t h e  effects of changing p e r i p h e r a l  re- 

s i s t a n c e  on t h e  impedance e s t i m a t i o n  of s t roke  volume one 

experiment  w a s  performed i n  which an I s o p r o t e r e n a l  i n -  

j e c t i o n  w a s  coupled w i t h  t h e  c a r d i a c  pac ing .  Low stroke 

volumes were first ob ta ined  by pacing t h e  heart a t  1 7 5  

and 1 9 5  bpm t h e n  mid range stroke volumes were recorded  

from the  c o n t r o l  c o n d i t i o n  when t h e  animal  w a s  n o t  be ing  

paced. Following the  c o n t r o l  measurements 1) e l e v a t e d  

s t r o k e  volumes and p u l s e  rates were o b t a i n e d  by i n j e c t i o n  

of 30 gamma of I s o p r o t e r e n o l .  A l l  measurements i n  these 

experiments  were t aken  a t  r e s t i n g  e x p i r a t o r y  l e v e l  of 

r e s p i r a t i o n  ( c o n t r o l l e d  by a p o s i t i v e  p r e s s u r e  r e s p i r a t o r )  

such t h a t  t h o r a c i c  impedance v a r i a t i o n s  due r e s p i r a t i o n  

would n o t  affect t h e  c a r d i o g e n i c  impedance s i g n a l  used 

t o  c a l c u l a t e  s t roke volume . 
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R e s u l t s  - 
L i n e a r  r e l a t i o n s h i p s  were found t o  e x i s t  between i m -  

- pedance c a l c u l a t e d  s t r o k e  volume and the s imul t aneous  s t r o k e  

volume computed from aortic flow waveforms. F igu res  1-9 t o  

1 - 1 2  are t h e  r e s u l t s  o b t a i n e d  by c o n t r o l l i n g  h e a r t  rate w i t h  

pac ing  wh i l e  f i g .  1-13 d e p i c t s  t h e  d a t a  from t h e  experiment  

i n  which I s o p r o t e r e n o l  w a s  used t o  e l e v a t e  s t r o k e  volume. 

The r e s u l t s  p r e s e n t e d  here are from f i v e  o f  e l e v e n  e x p e r i -  

ments i n  t he  s tudy .  Techn ica l  problems such as poor  f l o w  

waveforms p r o h i b i t e d  e v a l u a t i o n  on two dogs i n  t he  pac ing  

series and t h e  remaining f o u r  experiments  w i t h  I s o p r o t e r e n o l  

r e s u l t e d  i n  o n l y  a s m a l l  r ange  of s t r o k e  volumes such t h a t  

a comparison between methods would have l i t t l e  s ta t is t i -  

cal s i g n i f i c a n c e .  

Least s q u a r e s  r e g r e s s i o n  l i n e s  , s t a n d a r d  error  o f  

estimate (S.E.E.) and c o r r e l a t i o n  c o e f f i c i e n t s  (R) have 

been c a l c u l a t e d  for each experiment  and are i n d i c a t e d  on 

t h e  f i g u r e s .  

same s l o p e  and pass  through the  o r i g i n  of t h e  graphs bu t  

i t  i s  obvious f r o m  t he  f i g u r e s  t h a t  t h e s e  c o n d i t i o n s  

I d e a l l y  a l l  r e g r e s s i o n  l i n e s  would have t h e  

n o t  e x i s t .  All of the r e g r e s s i o n  l i n e s  i n t e r c e p t  X or Y 

a x i s  n e a r  the o r i g i n  (none g r e a t e r  t h a n  2.8  cc) and there 

i s  no t r e n d  toward e i t h e r  a x i s ,  i.e. t h r e e  i n t e r c e p t  t h e  

X a x i s  and two i n t e r c e p t  t h e  Y a x i s .  

t r i b u t i n g  t o  t h i s  non z e r o  i n t e r c e p t  error can  n o t  be de- 

f i n e d  b u t  a major c o n t r i b u t i o n  probably  r e s u l t s  from t h e  

A l l  factors con- 
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Fig .  1-9  t o  1 - 1 2  Comparison of impedance e s t i m a t e d  s t r o k e  volume 
w i t h  s t r o k e  volume computed f r o m  ascending  aorta 
flow; range  of s t r o k e  volumes o b t a i n e d  by p a i r e d  
p u l s e  pac ing  of h e a r t .  
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i n a b i l i t y  t o  a c c u r a t e l y  de te rmine  t h e  a b s o l u t e  z e r o  f l o w  

c o n d i t i o n  of t h e  aor t ic  flow waveform. 

I I I I 
IO 20 30 

Flowmeter Stroke Volume: cc 

Figure 1-13 Impedance flowmeter s t roke volume com- 

p a r i s o n ,  e l e v a t e d  s t r o k e  volumes ob- 

t a i n e d  by i s o p r o t e r e n a l  i n j e c t i o n  

Accurate i n t e g r a t i o n  for  s t roke  volume is dependent on t h e  

computer o p e r a t o r ' s  a b i l i t y  t o  determine t h e  zero  of t h e  

flow waveform and since t h e  r e g r e s s i o n  l i n e  i n t e r c e p t s  

are s c a t t e r e d  about  t h e  axes  o f  o r i g i n  t h e  random error  i n  

e s t i m a t i n g  zero f l o w  could  be t h e  cause  of t h e  i n t e r c e p t  

scatter.  

The v a r i a t i o n s  between a n i m a l s  i n  slope of t h e  re- 

g r e s s i o n  l i n e s  between the impedance va lues  and t h o s e  ob- 

t a i n e d  by t h e  accepted  method, ( f l o w m e t e r )  are n o t  unique 

t o  t h i s  s tudy .  S i m i l a r  v a r i a t i o n s  w e r e  found between t h e  
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comparisons o b t a i n e d  i n  a human s t u d y  d e s c r i b e d  i n  S e c t i o n  1 

41 

of t h i s  c h a p t e r  where t h e  i n d i c a t o r  d i l u t i o n  method w a s  used 

as a s t a n d a r d .  

cannot be exp la ined .  Slope v a r i a t i o n  w a s  a l s o  observed  be- 

A t  the  p r e s e n t  t i m e  t h e s e  s l o p e  v a r i a t i o n s  

e tween dogs i n  a s t u d y  comparing peak a o r t i c  f low t o  peak 

d e r i v a t i v e  of  t h o r a c i c  impedance, dZ /d t ,  a l t hough  l i n e a r  

r e l a t i o n s h i p s  w e r e  found t o  exist (Chap. 5 S e c t  I). 

I ) i s cuss ion  - 
T h e  c o r r e l a t i o n  between t h e  impedance determined s t r o k e  

volunies and those o b t a i n e d  from flowmeter waveforms is 

g r e a t e r  t h a n  t h a t  o b t a i n e d  from t h e  comparison s t u d y  on 

humans i n  whicn the  impedance method w a s  compared w i t h  

the i n d i c a t o r  d i l u t i o n  t echn ique  (Chap. 1 S e c t  I) . The 

bet ter  c o r r e l a t i o n  and smaller scat ter  i n  t h e s e  exper iments  

probably  r e s u l t s  from comparing t h e  b e a t  by beat impedance 

method w i t h  a n o t h e r  b e a t  by b e a t  t echn ique  as opposed t o  

comparison w i t h  an  a v e r a g i n g  t echn ique  . Although t h e  

range  of stroke volumes o b t a i n e d  by pac ing  t h e  heart 

(dogs 34, 35, 43, 44) were determined from discrete l e v e l s  

of c o n s t a n t  cardiac o u t p u t  where an  ave rag ing  t echn ique  

would be v a l i d ,  the  d a t a  range o f  i n t e r e s t  i s  t h a t  ob- 

t a i n e d  by i n j e c t i o n  of I s o p r o t e r e n o l ,  dog 50 ,  where s t r o k e  

volumes were changing w i t h  eve ry  beat. Under such con- 

d i t i o n s  the  c o r r e l a t i o n  w a s  n o t  d iminished ,  t h u s  t h e  po- 

t e n t i a l  u s e  of the impedance t echn ique  i n  i n v e s t i g a t i o n  

of t r a n s i e n t  r e sponse  of  the  heart becomes q u i t e  a t t r a c t i v e ,  
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A t  

for  mon 

p r e s e n t  t he  a p p l i c a t i o n  of  t h e  impedance 

t o r i n g  c a r d i a c  f u n c t i o n s  appea r s  t o  l i e  

t echn ique  

n t h e  esti- 

mation o f  r e l a t i v e  changes i n  stroke volume and c a r d i a c  out -  

pu t .  

l i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  impedance data and 

flowmeter determined s t r o k e  volumes, Subsequent ly  t h e  i m -  

pedance t echn ique  would be a re l iab le  i n d i c a t i o n  o f  c a r d i a c  

o u t p u t  or s t r o k e  volume r e l a t ive  changes under t h e  c o n d i t i o n s  

of t h e  d e s c r i b e d  experiments  , Although the impedance method 

i s  l i m i t e d  now t o  e s t i m a t i o n  of r e l a t i v e  changes it remains 

a s imple  and b l o o d l e s s  t echn ique  and can be a p p l i c a b l e  i n  

The r e s u l t s  p r e s e n t e d  i n d i c a t e  t h a t  a s a t i s f a c t o r y  

many s i t u a t i o n s  where accepted  t echn iques  cannot  be used and 

a b s o l u t e  v a l u e s  of cardiac o u t p u t  are n o t  e s s e n t i a l .  

It  is sugges t ed  t h a t  f u r t h e r  e v a l u a t i o n  of t h e  i m -  

pedance method shou ld  be carried o u t  under c o n d i t i o n s  of 

widely va ry ing  p e r i p h e r a l  r e s i s t a n c e .  

could  be performed on an imals  w i t h  e l ec t romagne t i c  flow- 

T h i s  e v a l u a t i o n  

meters and on cardiac p a t i e n t s  i n  shock where response  t o  

t r ea tmen t  could  be monitored by bo th  a r e f e r e n c e  i n d i c a t o r  

d i l u t i o n  measurement and the impedance method. 
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CHAPTER TWO 

ELECTRODES FOR AN IMPEDANCE CARDIAC OUTPUT SYSTEM 

The measurement of thoracic impedance for use in estimating 

cardiac output requires a four electrode configuration. The 

placement of electrodes on a subject and the electrical and 
v 

. mechanical properties of electrodes are important to the ob- 

taining of artifact and systematic error free data. Investi- 

gations of electrode placement and materials have resulted in 

a tape-on, disposable, four-band electrode configuration which 

should be suitable for clinical, research laboratory and in- 

flight measurements. 

SECTION I. An Electrode Placement Study 

Summary - 
Impedance method cardiac output values are dependent on 

the separation between the neck bands of a four-band con- 

figuration when the separation is less than 3 cm. in normal 

adults. There was no variation in calculated cardiac output 

due to neck band separation when the bands were positioned 3 

or more centimeters apart. With closely spaced neck bands, 

the nonlinear relationship between Z and L near electrode I 

accounts for the dependence of calculated cardiac output on 

band separation. 

A cross-harness electrode has been designed for use as 

electrode 11. The cross-harness electrode is positioned five 

or more centimeters from band electrode I thus eliminating 
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the dependence of the calculated cardiac output on neck band 

separation. Similar values of impedance determined cardiac 

output are found with the cross-harness configuration and 

the four-band configuration with neck electrodes separated 

by three or more centimeters. 

Introduction - 
In the use of a four-band electrode configuration to 

measure cardiac output by the impedance method, the separation 

between the neck band electrodes deserves attention as a 

significant variable. Cardiac output measurements previous 

to this investigation were made with neck bands held at a 

separation of two centimeters by sewing them to a cloth back- 

ing. The purpose of this investigation was to determine the 

relationship of the separation between neck electrodes to 

impedance method cardiac output values. As a result of the 

investigation a cross-harness electrode configuration was 

developed which eliminated the problems of band separation. 

A. The Neck Band Configuration 

Experimental Method - A sketch of the four-band electrode con- 

figuration used in the investigation is shown in fig. 2-1. 

Excitation 
Electrodes 
Detection 
Electrodes 

+Electrode 

I 
I1 

I11 
IV 

Fig. 2-1 Four-Band Electrode Configuration 

Neck ElectrQdes 



Chap. 2 Sect. I 45 

Electrodes I and IV are the current excitation electrodes, 

and I1 and I11 are the detecting electrodes. 

By using the impedance information described in 

chapter one, cardiac output by the impedance method is 

calculated from the equation: 
v 

C.O. - - -AZPR PL2 
22 

Equation 2-1 

Where C.O. = cardiac output (liters/min.) 

PR = pulse rate 

p ,  L, AZ, and Z are defined in equation 1-1, section I. 

Impedance method cardiac output measurements were made 

with various distances between electrodes I and I1 by moving 
electrode I with respect to electrode I1 which was taped in 

position. The average separation of bands I and I1 is 

noted as d12. 

Measurements were made on the following male adults: 

Table 2-1: Physique of the Subjects 

Subject 1 Subject 2 

Age 26 years 32 years 

Height 68 1/2 years 69 1/2 years 

Weight 164 pounds 170 pounds 

Surface Area 1.88m2 1. 94m2 

Thorax Length, L 33 cm* 31 cm, 
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A plot of the equation (1) cardiac factors P L ~ Z - ~  and 

(AZXPR) as a function of neck band separation is shown in 

fig. 2-2. 

3 5- 
3 4, 

c4 33-  
X 32- 
a 31, 

3 0- 

n 

a 
N 
v 

Subject 1 
2 6 0  7 
2 5  
24 
2 3  
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0 0 

0 
0 

O - I  

N 
";I 21 
Q20 

Separation,d12 (cm.1 
41 1 

0 

0 

Separation, d12 (cm.) 

Fig. 2-2 Plots of Cardiac Factors Versus Neck Band 
Separation 

Fig. 2-2 indicates that the cardiac factor, Z-2 ,  depends 

on the neck band separation, d12, and a curve approximating 

the data was drawn. The randomness of the factor, (AZXPR), 

indicates that it has no dependence on d12. Thus impedance 
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calculated cardiac output values are apparently dependent on 

the separation of electrode bands I and I1 as seen in fig. 2-3. 

4- 
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2- 
1- 
0 
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7 
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cd 
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Separation, d12 (cm.1 Separation, d12 (cm.) 

Fig. 2-3 Cardiac Outputs Versus Band Separation 

Discussion - 

Averages of cardiac output should remain constant for a 

resting subject if the positions of electrodes I1 and I11 are 

not changed. However, by removing the cloth backing on the 

neck electrodes and allowing electrode I to move while the 

others remain fixed, changes in the impedance calculated 

cardiac output were observed without apparent physiological reasons. 

The normalized curves of fig. 2-4 show the comparison of 

cardiac output values from fig. 2-3 with the cardiac factor 

P L ~ Z ' ~  values from fig. 2-2. Fig. 2-4 indicates that cardiac 

output and P L ~ Z ' ~  have the same dependence on d12. 
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Fig. 2-4 Normalization Curves f o r  Cardiac Output and P L ~ Z ' ~  

The factor (AZXPR) is not dependent on d12 since the 

normalized curves of C.O. and Z-2 appear to coincide. For 

this reason (AZXPR) will be assumed independent of d12. 

Variations in (AZXPR) are then caused by actual beat-by-beat 

fluctuations in cardiac output. 

Before a discussion on the reasons for the dependence 

of Z'2 on d12, it will be determined whether the random variations 

in (AZXPR) have as large an effect on cardiac output measurements 

as do the variations in Ze2. 

The average values of (AZXPR) and its standard deviations 

along with the values of C.O. and P L ~ Z ' ~  at d12 = 0 and at 

d12 3 are given in Table 2-11, 
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Table 2-11: Cardiac Variables 

Subject 1 Subject 2 

Average Std, dev., s Average Std. dev., s 
F 

( AZXPR) 37.2 *2.2 31.2 f2.1 

Average Std, dev., s Average Std. dev., s 
F 

( AZXPR) 37.2 *2.2 31.2 f2.1 

d12 = 0 d12 = 3 = 0 d12 = 3 d12 

pL2z-2 216 255 198 2 4 8  

C.O. 7.6 9.5 5.7 7.8  

Now the contributions of the factors Z-2 and (AZxPR) on 

cardiac output measurements can be shown. First, Z-2 is varied 

by its value at d12 = 3 to its value at d12 = O ,  while the 

variable (AZXPR) is held at its mean value and C.O. changes 

are noted. 

The difference in the values of G . O .  at the two positions 

The calculations are shown represents C.O. change due to Z-2. 

in Table 2-111. 

Table 2-111 

Effect of Zm2 on Cardiac Output 
Using the Average Value of (AZXPR) 

Subject 1 

C. 0 .  (dl2"0) - - PL~Z-~(AZXPR) = (.216) (37.2) = 8.0 

C.O. (d12=3) = (.255)(37.2) = 9.5 
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Subject 2 

C.0.(d12=O) = pL2Z-2(AZ~PR) = (.198)(31.2) = 6.2 

C.0.(d12=3) = (.248)(31.2) = 7.7 

C.0.(d12=3) - C.0.(d12=O) = 7.7-6.2 = 1.5 

The mean value (AZXPR) is varied one standard deviation, 

while the variable Ze2 is held at its value at d12=3, and 

C.O. changes are noted (Table 2-IV). The difference in the 

C.O. values represents changes due (AZXPR). 

Table 2-IV 
Effects of (AZXPR) on Cardiac Output 
Using the Value of Z-2 at d12 = 3 cm. 

Subject 1 

- 
C.0.=pL2Z-2(AZxPR>=(255)(37.2)=9.5 

 at S)=~L~Z-~~(AZXPR)+S(AZXPR) 
C.O.(at s)=(255>(37.2+2.2>=10.0 

C.O.(at s)-C.0.=10.0-9.5=0.5 
- 

Subject 2 

The results from Tables 2-111 and 2-IV show that the 

maximum variation in Z-2 has three times the effect on cardiac 

output changes as do beat-by-beat variations of one standard 

deviation in (AZxPR). 

To explain the increase in thorax impedance, Z, as the 

separation of the neck bands, d12, decreases, the neck was 

modeled as a homogeneous cylinder of resistivity p . Electrode I 

is an excitation band on the surface of the cylinder, and 
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generates the potential detected at electrode 11. Fig. 2-5 

shows that as electrode I moves closer to electrode 11, the 

surface potential no longer remains a linear function of d12. 

,.. 

9 

Electrode I - 
Electrode I1 + 

- Current 
- _ _  Equipot Cylinder's 

Surface 
- - - - 

Flux 

entia1 

Fig. 2-5 Equipotential Surfaces in a Cylinder (lateral 
Cross-Sectional Plane) 

Based on the shape of the equipotentials shown in fig. 2-5, 

an expected curve for measured thoracic impedance Z between 

electrodes I1 and I11 as a function of d12 is shown in 

fig. 2-6. (Recall that electrode I is driven by a constant 

current source and Z is the thoracic impedance between equi- 

potential planes). 
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Fig. 2-6  Measured Thorax Impedance as a Function of 
Neck Band Separation 

In an attempt to show that the effect of d12 on Z is not a 

unique characteristic of the neck, the four-electrode band 

configuration was put on the arm and the leg. Bands I and 

I1 were positioned on the upper arm or thigh, separated by 

distance d12 and bands I11 and IV were placed on the lower 

arm or calf. 
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-.. 

- 

The plot of the normalized impedance between electrodes 

I1 and I11 (fig. 2-71 shows the dependence of Z on d12 and 

that the arm having the smaller cross-sectional area also has 

the lower breaking point. This would indicate that f o r  

subjects with smaller diameter necks, it is possible to use 
- a smaller separation between the neck bands without intro- 

I\\ x V 0 a 

x Key o X - - Arm Leg 

ducing variations in cardiac output measurements due to ZW2(dl2). 

N 

q+ 1 . 0 0  
0 

0.98 
4 
t-' 0.96 
cd 
N 2 0.94 
'd 

0.92 
0 
2 

Separation, d12 (cm.1 

Fig. 2-7 Normalized Extremity Impedance 
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B. The Cross-Harness Configuration 

The cross-harness electrode configuration was developed 

as a result of the investigation into the effect of the sepa- 

ration of the neck bands on cardiac output measurements using 

four-band impedance plethysmography. The four-band electrode 

configuration is shown in fig. 2-1 of the previous section of 

this report. The advantages of the cross-harness configuration 
- 

(fig. 2-81 over the four-band electrode configuration are the 

stabilization of the position of the second electrode, and the 

insurance that electrode I is greater than 2 or 3 centimeters 

above electrode I1 (where AC.0.1Ad12=O). 

eliminate variations in calculated cardiac output values caused 

by the neck band separation. Another advantage of the cross- 

harness is an improvement in neck mobility. 

These advantages 

b===dt-  Electrode I 
Electrode I1 

Junction \ I 
Strap 

Electrode I11 
Anterior and 
Posterior Views Electrode IV 

Fig. 2-8 Cross-Harness Configuration 

w 
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Design of the Cross-Harness - 

The design criterion of the cross-harness electrode 

configuration was that the second electrode lies on an 

average equipotential line generated by the current excit- 

ation (I and IV) electrodes. Electrodes I, 111, and IV are 

the same as those used in a four-band electrode configuration. 

The average equipotential lines must be thQse established in 

the absence of the second electrode. Then, the second elec- 

trode should cross equipotential lines, a new equipotential 

line would be established and this is undesirable because the 

thoracic potential field would be dependent on the position of 

the second electrode. 

Equipotential lines were measured on a subject using the 

impedance system with the four-band configuration, except 

electrode band TI was replaced by a detecting probe. The 

contract area of the probe was large enough, so that skin 

impedance could be neglected as it is with a band electrode. 

The surface area of the probe (1/2 cm. x 4 cm.) times the 

resistivity (1) of the skin ( 2 2 0  ohm-cm. 2, was small compared - 

to the input impedance ( 3  x l o 5  ohms) of the detecting am- 

plifier in the impedance plethysmograph. Equipotential lines 

were drawn and labeled with their corresponding impedance 

values (fig. 2 - 9 ) .  
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c 

Fig. 2-9 Equipotential Lines on a Young Adult Male 

The cross-harness was placed on a subject who had equi- 

potential lines drawn on him to observe how well the second 

electrode would conform with the equipotential lines. A solid 

band was used f o r  the second electrode which extended from the 

anterior to the posterior harness junctions and over both 

sides in the neck-shoulder region. It was observed that the 

second electrode lies on an equipotential line along the top 

on the shoulder, but near the harness junction it crosses 

equipotential lines. To experimentally determine how far the 

4 
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end of the second electrode should be from the harness junction, 

measurements of thorax impedance were made as equal segments 

of the second band were removed starting at the harness joint 

and working upward to the top of the shoulders (fig. 2-10). 

Electrode I1 Shoulder-Neck Region 

Rubber Strap 

Anterior and 
Posterior View 

Fig. 2-10 The Second Electrode of the Cross-Harness Configuration 

One centimeter segments were removed from the front and 

band ends of the electrode until the length, L, of the second 

electrode over both shoulders was reduced from 20 to 2 centi- 

meters. A plot of the thorax impedance, Z, versus the length, 

L, of the second electrode over each shoulder is shown in 

fig. 2-11. 
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Fig. 2-11 Thorax Impedance Versus Length of the Second 
Electrode 

Figure 2-11 indicates that for a length, L, between 2 and 

10 centimeters, the second band would lie on an equipotential 

line. A 10 centimeter strap over each shoulder is used in the 

present design. 

Results and Discussion - 

For calculation of cardiac output by equation 2-1 with 

cross-harness configuration data, the thoracic length L was 

measured as the mean distance between electrode I11 and the 

cross-harness electrodes. Calculated cardiac output values, 

using the cross-harness configuration, were equivalent to 

values obtained from the four-band configuration with a 

x 
Id 
F-r 

E-l -~,,,. 
Band Length, L (cm.1 
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separation of three or more centimeters between the neck bands. 

In the investigation of the effect of neck-band separation 

on cardiac output measurements using the four-band configuration, 

electrode I was moved with respect to the other electrodes 

which were taped in position. Figure 2-3 shows that cardiac 

output measurements are independent of the position of elec- 
.. 

trode I, if a separation d12 of more than 2 or 3 centimeters 

is maintained. The separation between the first and second 

electrode is greater than 5 centimeters with the cross-harness 

configuration. Thus, one advantage of the cross-harness con- 

figuration over the four-band configuration is the insurance 

that electrode I is greater than 2 or 3 centimeters above elec- 

trode I1 (where AC.0./Ad12-O). 

When the second band of the two neck bands was not taped 

in position, slippage upward of this band was noted with neck 

motion. Slippage rate was enhanced by oils in the electrode 

paste, neck movements, and by the tapered region of the lower 

neck where electrode band I1 should be placed to maximize 

d12 (i.e. d > 3  centimeters). 12 
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SECTION 11. Electrode Materials 

Summary - 
Based on the results of the work described in sections 

I and I1 of this chapter an electrode configuration has been 

developed that is considered to be the best available at this 

time for use with the impedance cardiac output system. 

The configuration employs the band electrode placement 

described in chapter one with the stipulation that at least 

3 cm. separates the neck electrodes. 

The band configuration has been chosen over the harness 

electrode described in section I of this chapter because of 

the ease in donning and doffing and the greater degree of 

freedom allowed by the band configuration as opposed to the 

harness arrangement. 

The preferred electrode material for the band electrodes 

is the 3M Company 1 mil aluminum deposited on a polyester film 

and bonded to an adhesive back. The electrode is lightweight, 

comfortable, and possesses adequate electrical characteristics. 

The cost of this electrode material is low thus making the 

electrodes disposable after one use. 

Introduction - 

To obtain meaningful artifact free information concerning 

intrathoracic impedance information, the excitation and sensory 

electrodes of a four electrode impedance system (cf. chapter 

one) must have electrical properties compatible with the system 
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and must not affect the signals of interest. The electrodes 

must also provide minimum discomfoSt to the subject or patient 

in clinical, research or inflight environments. The following 

criteria were deemed necessary f o r  an acceptable electrode. 

1. Electrode to skin interface impedance must be low such 

that (a) it is negligible compared to the current 

source output impedance and sensing ampzifier input 

impedance and (b) changes in the interface impedance 

due to motion, etc. reflect impedance changes which are 

negligible compared to the cardiogenic impedance 

variations of interest. 

2. The dc resistance of a 0.25 X 36 inch electrode should 

be one ohm or less to minimize voltage gradients along 

the electrode. 

3. Motion between the electrode and skin surface must be 

eliminated. 

4. The electrodes must be lightweight, comfortable, and 

impose a minimal restriction on the movements of the 

subject . 
Materials and Methods - 

The following materials were investigated as possible can- 

didates for electrode construction: (all electrodes have a 

. 2 5  inch wide conductive medium) 

1, Conductive Velcro (Velcro Hi-Meg conductive pile 

V-22-ll-WZ, Velcro Corp., New York, N.Y.) with 4 mm 

wide braided copper center 
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2. 

3. 

4. 

5. 

6. 
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3M Aluminum Christmas wrap (3M Company, St. Paul, Minnesota). 

Schjeldahl Mylar-Aluminum deposited film, .35 mil Mylar, 

.18 mil aluminum (G.T. Schjeldahl Co., Northfield, 

Minnesota). 

3M copper strip with a 3M conductive adhesive (3 mil 

copper with a pre-applied 2-3 mil conductive adhesive). 

3M Polyester laminate-gold deposited film 

3M Polyester laminate-aluminum deposited film 3.6 mil 

polyester, 1.0 mil aluminum 

The 3M aluminum Christmas wrap and the 3M gold deposited film 

were eliminated as usable materials because of their high d.c. 

resistance values. The gold film was a vapor deposited 

material and had a resistance of 3.4 ohms f o r  a 12 X 1.25 inch 

strip. To obtain a gold film electrode with acceptable d.c. 

resistance characteristics would most likely incur a pro- 

hibitive price. 

Mechanical Properties 

All of the deposited metal film materials were quite re- 

sistant to fatigue stresses, possessed a moderate amount of 

elasticity, and were comparatively lightweight, although these 

properties were not quantitated. 

The copper strip electrode was stiff and uncomfortable 

and although an adhesive was used the material did not easily 

conform to the surface of the body. 
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Construction of Electrodes 

1. Conductive Velcro 

These electrodes had been used extensively by this 

laboratory (chapter one) before the onset of the study 

described'here. The construction is shown below. 
.. 

thread 
braided copper center 
Velcro (conductive) 
Velcro belt (non-conductive) 

Cross-Section 

2. Metal film deposited electrodes 

deposited metal 
polyester film 

r '-surgical tape 

Cross-Section 

The advantages of this electrode is ease in fabrication, 

expandability, patient comfort, lightweight and disposable. 

3 .  Copper strip with light silver doped conductive adhesive 

The copper strip electrode supplied by the 3M Company 

consisted of a 3 mil copper band with an adhesive doped with 

silver particles. The adhesive was approximately 2-3 mils 

thick and uniformly applied to the band by machine. As 

described previously, the copper strip electrode was stiff 

and cumbersome. 
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Impedance Characteristics of Electrodes at 100 kHz 

To evaluate the skin-electrode interface impedance of the 

various electrode materials,a General Radio Type 1605 Im- 

pedance Comparator was used to measure the total thoracic 

impedance between band electrodes. The measurement circuit 

is shown below. 

'-1 ~1 Model # 1 6 0 5  r ----a 

Body 

'~ : I 
0 

To eliminate differences in measured total thoracic 

impedance due only to electrode placement variations when 

comparing different materials the position of the four-band 

electrodes was inscribed on the skin surface. Measurements 

of thoracic impedance were made between band locations 1 and 

4 and beeween 2 and 3 .  The tabulated results are shown in 

Table 2-v. 
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Discussion - 

6 6  

Electrode-skin interface impedance was found to be minimal 

with the Velcro and conductive paste, Schjeldahl aluminum 

deposited Mylar and 3M aluminum deposited polyester film elec- 

trodes. The Velcro electrode has several disadvantages in that 

the conductivity of the conductive pile was found to decrease 

with use and the conductive paste must be used to minimize the 

interface impedance. The aluminum deposited electrodes were 

also more comfortable than the Velcro and the feature of being 

lightweight and disposable is quite attractive. 

The 3M Company has supplied us, and more recently the NASA, 

with prefabricated one mil aluminum deposited polyester film 

on a newly developed semi-porous type backing according to our 

specifications. The porous backing allows the skin to breath 

and should result in additional comfort for the subject. This 

electrode system appears to be the most desirable of those 

evaluated since electrode-skin interface impedance and dc- 

resistance was minimal, the electrodes are comfortable, and 

prefabrication with quality control by the 3M Company provides 

uniform quality electrodes. 
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CHAPTER THREE 

INSTRUMENTATION FOR IMPEDANCE CARDIAC OUTPUT SYSTEM 

U n i v e r s i t y  of  I l innesota  Breadboard Impedance 
Cardiograph (ZCG) 

SECTION I 

Summary - 
A f o u r  e l e c t r o d e  impedance card iograph  w a s  designed t o  

- 
a c c u r a t e l y  measure and r e c o r d  Zo, A Z ,  and dZ/dt .  

o p e r a t e s  s a t i s f a c t o r i l y  w i t h  d r y  d i s p o s a b l e  t a p e  on e l e c t r o d e s .  

The system h a s  a n  a c c u r a t e  and convenient  n u l l  ba l ance  read-  

The u n i t  

o u t  system f o r  Zo and au tomat ic  ba lanc ing  t o  o b t a i n  A Z .  

o u t p u t  impedance of t h e  c u r r e n t  sou rce  and i n p u t  impedance of 

The 

t h e  v o l t a g e  r e c o r d i n g  a m p l i f i e r  are l a r g e  enough t o  e l i m i n a t e  

any s i g n i f i c a n t  error t h a t  might be caused by e l e c t r o d e - t i s s u e  

i n t e r f a c e  impedance changes t h a t  could occur  wi th  t h e  cardiac 

c y c l e .  

I n t r o d u c t i o n  - 
I n  o r d e r  t o  s u c c e s s f u l l y  r eco rd  impedance in fo rma t ion  

from t h e  tho rax  it i s  necessary  t o  have a n  impedance c a r d i o -  

graph (ZCG)  wi th  a h igh  l e v e l  of e lectr ical  and o p e r a t i o n a l  

performance. The ZCG desc r ibed  i n  t h i s  s e c t i o n  h a s  t h e  nec- 

e s s a r y  e lec t r ica l  s p e c i f i c a t i o n s  t o  a c c u r a t e l y  r eco rd  t h e  

impedance in fo rma t ion  re la ted t o  c a r d i a c  a c t i v i t y  us ing  d r y  

d i s p o s a b l e  t a p e  on e l e c t r o d e s  employing a f o u r  e l e c t r o d e  

technique .  The system w a s  designed wi th  an  au tomat ic  ba lance  

and a switch ope ra t ed  manual ba lance  t o  g i v e  good o p e r a t i o n a l  

performance. 

pedance Zo w a s  provided for l a b o r a t o r y  use .  

An a c c u r a t e  r eadou t  of the  mean t h o r a c i c  i m -  

The system has  
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electr ical  o u t p u t s  and c a l i b r a t i o n  fo r  Z o ,  t h e  mean t h o r a c i c  

+ 
OUTPlll 

----. 

impedance; AZ, t h e  t h o r a c i c  impedance change;  and d Z / d t ,  the 

f irst  t i m e  d e r i v a t i v e  of t h e  impedance change,  which are t h e  

pa rame te r s  n e c e s s a r y  t o  compute c a r d i a c  o u t p u t  u s ing  the im-  

pedance t echn ique .  For research purposes  t h e  system has a n  

e l ec t r i ca l  o u t p u t  f o r  d 2 Z / d t 2 ,  t h e  second t i m e  d e r i v a t i v e  of 

t h e  impedance change. 

System Requirements and Design 

The fundamental  f o u r  e l e c t r o d e  measurement t echn ique  i s  

shown i n  f i g .  3-1. A 1 0 0  kHz c u r r e n t  from a c o n s t a n t  c u r r e n t  

s o u r c e  f lows  between e l e c t r o d e s  1 and 4 .  A v o l t a g e  V t  i s  

i ',,>A, 

1 -  - - - - 1  

COIlSTAbT 

OSCILWTOR 

F ig .  3-1 Basic f o u r  e l e c t r o d e  measurement t echn ique  i n d i -  
c a t i n g  impedances of e l e c t r o n i c  c i r c u i t r y ,  t h o r a x  
and e l e c t r o d e - s k i n  i n t e r f a c e  as d e s c r i b e d  i n  t e x t .  

p icked  up from i n n e r  e l e c t r o d e s  2 and 3 which r e f l e c t s  t h e  

v o l t a g e  a c r o s s  Zo. 

r e p r e s e n t  t h e  impedance of t h e  s k i n  and e l e c t r o d e  t i s s u e  

i n t e r f a c e  for t h e  r e s p e c t i v e  e l e c t r o d e s ,  Z t l ,  and Zt2  are 

The impedances Zsl, Z s 2 ,  Z s 3 ¶  and Zs4  
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the impedances of the thorax between band electrodes 1 and 2 and 

band electrodes 3 and 4 respectively. Now if the output im- 

+ sl + Ztl + zo + Zt2 is > >  Z out pedance of the current source Z 

Z s 4  and Zo < <  Z s2 

the current from the current source It is approximately equal 

to the current through the thoracic impedance Zt. 

the input impedance of the voltage amplifier Zin is > >  Z 

Zs3  then the voltage between electrodes 2 and 3 is equal to 

the voltage across the internal thoracic impedance Z For 

these conditions Zo would be equal to Vt/It independent of 

+ Z s 3  + Zin for all measurement conditions then 
B 

Also, if 

+ s2 

0 

Hiil, et a1 (11, stated that very large impedance signals 

occur at the electrode-tissue interface thereby causing im- 

pedance plethysmography signals indicating volume change to be 

in error. Recording the impedance change occurring during the 

cardiac cycle on the thorax between electrodes 1 and 4 or 

electrodes 2 and 3 ,  the largest typical value seen is AZ = 

0.2 ohm out of an approximate total impedance Z = 5 0  ohms. 

With this information and knowing the output impedance of the 

current source and input impedance of the voltage amplifier, 

the maximum impedance error signal using the four electrode 

impedance technique can be calculated assuming the entire im- 

pedance change to be at the electrode-tissue interface. For 

example, if the output impedance of the current source is 

lOOK ohms and electrode tissue interface change is 0.2 ohms 
n v L L Ai - 0 - 0  then - - 

+ AZ It zo + zsl + Ztl + Zt2 + zs2 zo + zsl + Ztl + Z t 2  + zs2 
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where Ai = the output current change 

It = the current output 

= (2>10-6 A i  - lOOK - lOOK - -  
lOOK + 50 + .2 lOOK + SO + . 2  It 

or Ai/It = . 0 0 0 2 %  

This . 0 0 0 2  percent current change would reflect itself 

as a .0002 percent impedance change. If it is assumed that 

zo + zs2 + zs2 < <  Zin’ the input impedance of the voltage ampli- 

fier then it can be shown that a .0002 percent change in the 

recorded voltage would occur with a .2  ohm impedance change 

at the electrode-tissue interface. Using the four electrode 

system on the thorax a typical impedance change value is 

. 2  ohm out of a 25 ohm thoracic impedance or a .8  percent 

change. Since this value is much greater the total of .0004 

percent change that occurs with a .2 of an ohm change at the 

electrode-tissue interfaces it can be assumed that the max- 

imum typical electrode-tissue interface impedance change 

error can be neglected as a source of error in the AZ thoracic 

impedance signal if the output impedance of the currentsource 

and input impedance of the voltage amplifier is lOOK ohms. The 

high output impedance of the current source and high input 

impedance of the voltage recording amplifier also makes the 

ZCG AZ output less sensitive to other non-periodic electrode- 

tissue interface impedance changes such as might occur with 

subject movement. 
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In order to simplify the recording of a ZCG, an automatic 

balance system and an accurate readout system for Zo, the mean 

thoracic body impedance was incorporated into the system. 

The following objectives were pursued in designing the 

unit: 

(1) A floating constant current source oscillator 

with an output impedance of 100K ohms. 

( 2 )  A differential input voltage amplifier with an in- 

put impedance of lOOK ohms and a common mode rejection 

ratio of 50 db. 

A system accuracy fo r  Zo of 1 percent 

System linearity for Zo of . 5  percent 

( 3 )  

( 4 )  

( 5 )  Calibrated outputs for AZ, and dZ/dt 

( 6 )  Low noise output for dZ/dt 

( 7 )  Automatic rebalancing of Zo 

( 8 )  

( 9 )  

Fig. 3-2 shows a block diagram of the impedance plethysmo- 

A rapid manual rebalance of Zo 

An accurate readout system for Zo 

graphic system. As seen in the figure, 100 kHz constant ampli- 

tude current is fed to the thorax. The output of the current 

source is connected to the thorax by means of coaxial cables 

with electrically driven shields to reduce the effective cable 

capacity and thereby maintain high output impedance at the 

electrodes. In the present system the output impedance of the 

current source is lOOK ohms measured at the distal ends of the 

cables at the electrode terminals. 



Chap. 3 S e c t .  I 

1 

CONSTANT 
CURRENT 
100 kHz 
OSCILLATOR 

4 

THORAX 
h 

IIIGII INPUT 
2 IMPEDANCE 

DIFFFRENTIAL LINEAR 
AMPLIFIER ’ DETECTOR 

- 
3 

c - 

DIFFERENTIATOR 

AND FILTER OUTPUT 

7 2  

W 

Z OUTPUT 

I 
AZ AMPLIFIER SAMPLE AND 

HDLD WITH bZ OUTPUT 
AUTOMATIC 
RESET 

1 ~~~‘{‘LANcE 1 4-..:.-.~ DI FFERENTIATOR 9 OUTPUT 

Fig .  3-2 System b lock  diagram 

The v o l t a g e  i s  r eco rded  from t h e  t h o r a x  by a d i f f e r e n t i a l  

a m p l i f i e r  w i t h  c o a x i a l  l e a d s .  The d i f f e r e n t i a l  i n p u t  impedance 

o f  t h e  a m p l i f i e r  i s  1 0 0  K ohms when measured a t  t h e  cable ends 

us ing  1 0 0  kHz c u r r e n t .  P o s i t i v e  feedback i s  used on t h e  i n p u t  

t o  reduce  t h e  effects  of c a b l e  c a p a c i t y .  The common mode re-  

j e c t i o n  r a t i o  is  a minimum of SO db a t  1 0 0  kHz when measured 

a t  t h e  e l e c t r o d e  t e r m i n a l s  of t h e  cables. 

The  o u t p u t  of t h e  d i f f e r e n t i a l  a m p l i f i e r  i s  f e d  t o  a 

l i n e a r  d e t e c t o r .  The o u t p u t  of t h e  detector i s  f e d  t o  a 

long  t e r m  stable sample and hold c i r c u i t  and t o  t h e  A 2  amp- 

l i f i e r .  The A2 a m p l i f i e r  has an i n p u t  from the  sample and 
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hold circuit. 

to give the AZ output. 

In the AZ amplifier the two inputs are subtracted 

The sample portion of the sample and hold circuit can be 

operated either manually by a switch or automatically. The 

automatic operation is achieved by sensing the output of the 

AZ amplifier and then sampling when the absolute value of the 
* 

- output exceeds an adjustable preset limit. This allows the 

system to record the small AZ changes due to the cardiac sig- 

nal, but if respiration, movement or other artifact causes a 

larger change in AZ, the system will automatically rebalance 

in approximately 40 milliseconds. 

is also fed to two analog differentiators to give the first 

and second time derivatives. The null balance circuit con- 

nected to the sample and hold output, nulls an accurate D.C. 

voltage against the output of the sample and hold circuit 

to accurately measure the value of the mean impedance Zo. 

The output of the detector 

Circuit Design - 

Drawing 3-4 shows the circuit diagram for the constant 

current source and driven shield circuit. 

used in a Colpitts oscillator circuit. In order to achieve 

Transistor Ql, is 

amplitude stability, the standard Colpitts circuit was modi- 

fied by adding Zener diode controlled negative feedback. 

Transistor Q, is used as a high input impedance buffer to the 

output stage. The high output impedance current source oscil- 

lator is achieved by using the collector of transistor Q, as 

a current source. The 100 kHz current is coupled to the body 
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using transformer TR1, a signal from each side of the output 

transformer is picked up by field effect transistors Q, and Q, 

and amplified with near unity voltage gain to provide a low 

impedance output signal to drive the shields of the output cables. 

Drawing 3-1  shows the input circuitry and 100 kHz filter. c 

Transistors Q 

amplifiers for the integrated differential oFerationa1 ampli- 

fier OP1. 

Q,,, Q,,, and Q,, form two symmetrical buffer 

The buffer amplifiers are used to achieve the high input 

impedance and also to provide the positive feedback necessary 

to reduce the effects of cable capacity. The adjustable 

capacitors from the collector of the second stage Q,,, Q,,, 

to the base of the first stage Q,,, Q,,, are used to provide 

the positive feedback. The capacitors for each stage with 

their respective input cables in place are adjusted to reduce 

the effects of the shunting capacitance caused by the cable. 

The output of each amplifier is fed to the differential oper- 

ational amplifier O P 1  to achieve a common mode rejection of 

50 db. The output of O P 1  is connected to operational ampli- 

fier O P 2 .  The amplifier acts as a 100 kHz band pass filter 

to eliminate interfering signals. 

Drawing 3-2 shows the linear detector the sample and 

hold circuit, and the automatic rebalance circuit. The out- 

put of O P 2  is connected to O P 3  which serves as a linear de- 

tector. The linear detection operation is achieved by 

placing diodes in the feedback loop of the operational ampli- 

fier. The high gain of the operational amplifier greatly 
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r educes  t h e  n o n l i n e a r  effects of t h e  d iode  which normally 

accompany a d e t e c t i o n  p rocess  us ing  on ly  d iodes .  

of t h e  d e t e c t o r  i s  connected t o  o p e r a t i o n a l  a m p l i f i e r  OP4 

which s e r v e s  as a l o w  p a s s  f i l t e r  and a m p l i f i e r .  

p u t  v o l t a g e  of OP4 i s  f e d  t o  (a )  o p e r a t i o n a l  a m p l i f i e r  OP5, 

t h e  sample and hold  a m p l i f i e r ,  ( b )  the A Z  a m p l i f i e r  OP6, 

and ( c )  OP7, t h e  f irst  d i f f e r e n t i a t o r .  Opera t iona l  ampli- 

f i e rs  OP6, OP7, OP8, and OP9 are shown i n  drawing 3 - 3 .  The 

ho ld ing  o p e r a t i o n  by OP5 is  achieved by swi t ch ing  a capac i -  

t o r  charged t o  a v o l t a g e  p r o p o r t i o n a l  t o  Zo around t h e  feed-  

back loop  o f  t h e  h igh  i n p u t  impedance o p e r a t i o n a l  a m p l i f i e r .  

The a m p l i f i e r  OP5 has  f i e l d  e f fec t  i n p u t  t r a n s i s t o r s  which 

have very  l o w  o f fse t  c u r r e n t s .  The sample and hold o p e r a t i o n  

i s  performed by a switch f o r  manual o p e r a t i o n  or by a r e l a y  

f o r  au tomat i c  o p e r a t i o n .  The ou tpu t  from t h e  sample and 

hold a m p l i f i e r  i s  f e d  t o  t h e  A2 o p e r a t i o n a l  a m p l i f i e r ,  OP6. 

The o u t p u t  

The out -  
L 

The AZ o p e r a t i o n a l  a m p l i f i e r  i s  ope ra t ed  i n  t h e  summing mode 

wi th  i n p u t  k i g n a l s  from OP4 which c o n t a i n s  t h e  t o t a l  t i m e  

vary ing  impedance s i g n a l  and from OP5 which i s  t h e  o u t p u t  

s i g n a l  of t h e  sample and hold  a m p l i f i e r  t h a t  r e p r e s e n t s  i m -  

pedance Zo. 

t h e  s i g n a l ,  t h e  AZ a m p l i f i e r  s u b t r a c t s  t h e  mean impedance Zo 

va lue  h e l d  by t h e  sample and hold a m p l i f i e r  from t h e  t o t a l  

Because t h e  sample and hold  a m p l i f i e r  i n v e r t s  

t i m e  vary ing  impedance. The A2 a m p l i f i e r  ou tpu t  r e p r e s e n t s  t h e  

s m a l l  time vary ing  impedance of t h e  t h o r a x  AZ. The ou tpu t  AZ 

a m p l i f i e r  i s  connected t o  a comparator c i r c u i t  which o p e r a t e s  
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a relay when an adjustable present limit has been exceeded at 

the AZ output. The limit adjustment is made with potentio- 

meter RlY as shown in drawing 3-6. 

rebalancing necessary for compensation of changes in Z that 

occur with respiration or motion. The relay is connected to 

the sample and hold circuit. When the relay is energized the 

This performs the automatic 

0 

sample and hold circuit will sample the output of OP4 to ob- 

tain a new mean value for Z 

the AZ amplifier to near zero. 

and thereby return the output of 
0 

The total time varying impedance output from OP4 is fed 

to operational amplifier OP7 which takes the first time deriva- 

tive of the time varying impedance. This amplifier also fil- 

ters the signal. The output of OP7 is fed to operational 

amplifier OP8 which gives at its output the second time deriva- 

tive of the impedance signal. 

and Q,, are used to form a sawtooth Q153 Transistors QlbY 

waveform generator that is used for calibration of the first 

derivative shown in drawing 3-5. The period and amplitude of 

the calibration signal is adjusted to give a derivative output 

square pulse amplitude equal to 1 ohm per second. 

Connected to the Zo output is a null balancing circuit 

which is used to obtain an accurate readout of the mean im- 

pedance Z as shown in drawing 3-6. The circuit nulls the out- 

put of 

calibrated potentiometer R2. 

read from the face of R2. 

to either a low or high sensitivity scale. 

0 

Zo against a Zener controlled reference voltage using 

The value of Zo can be directly 

Switch S3 is used to connect the meter 

Switch S4 is used 
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t o  connect  the  ins t rumen t  t o  the s u b j e c t  or t o  a f i x e d  cali-  

b r a t i n g  r e s i s t a n c e  of 25.5 ohms. The c a l i b r a t i n g  r e s i s t a n c e  

can be p a r a l l e l e d  us ing  t h e  swi t ch  w i t h  t w o  d i f f e r e n t  resis- 

t a n c e s  t o  g i v e  .1 ohm s t e p s  on t h e  AZ o u t p u t .  

used t o  switch i n  t he  sawtooth waveform for  t h e  d e r i v a t i v e  

Switch S2 is  

c a l i b r a t i o n .  Also shown i n  drawing 3-6 are t h e  in te rconnec-  

t i o n s  between e l e c t r o n i c  c i r c u i t  cards. 
- 

The system has f o u r  o u t p u t  s i g n a l s ,  Zo, AZ,  d Z / d t ,  and 

d2Z/d t2 .  

ponding t o  a n  Zo of 1 0  t o  1 0 0  ohms, fo r  AZ t he  ou tpu t  is  

5 vol ts /ohm change a t  the  i n p u t ,  f o r  dZ /d t  t h e  o u t p u t  is  

.5 volt/ohm p e r  sec change o f  impedance a t  t h e  i n p u t  and fo r  

d 2 Z / d t 2  t h e  o u t p u t  is  .005 volts lohm p e r  sec2 change a t  t he  

i n p u t .  When t h e  system i s  connected t o  a normal s u b j e c t ,  the  

A Z ,  dZ /d t  and d2Z/d t2  o u t p u t s  w i l l  be i n  t h e  range  of 0-2 v o l t s .  

The v o l t a g e  o u t p u t  fo r  Zo i s  1 t o  1 0  v o l t s  corres- 

The s p e c i f i c a t i o n s  of t h e  system are as follows: 

Curren t  sou rce  o u t p u t  impedance 
D i f f e r e n t i a l  i n p u t  impedance 
Accuracy of Zo 
L i n e a r i t y  of Zo 

Range of Zo measurement 
Automatic ba l ance  t i m e  
AZ bandwidth (3db) 
dZ/dt  bandwidth ( 3  db) 

Noise o u t p u t  of dZ/dt  

lOOK ohms 
lOOK ohms 
1 p e r c e n t  
. 5  p e r c e n t  
1 5  t o  80  ohms 
40  m s  
60 Hz 
4 0  Hz 
1 0 0  VV peak t o  peak 
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SECTION 11. Evaluation of an Inflight ZCG Breadboard 

Summary - 
Assistance was given the NASA in the testing and 

evaluation of Spacelabs breadboard ZCG system. Initial 

testing of Spacelabs, Inc. breadboard ZCG in our laboratory 

showed that the system had a number of problems. After dis- 

cussing these problems with the NASA and Spacelabs Inc. in 

conferences at Houston, a majority of the problems were 

resolved. The major problem still unresolved is the amount 

of allowable noise on the first derivative of AZ. 

Discussion - 

In order to aid the development of flight hardware, 

assistance was given to the NASA in the design, testing and 

evaluation of a ZCG system produced by Spacelabs Inc. The 

assistance was given to the NASA in the testing and evaluation 

of Spacelabs Inc. proposed ZCG flight hardware in two ways. 

One way was the actual testing of Spacelabs ZCG breadboards 

in our laboratory. The other way was by attending conferences 

held by the NASA at Houston to discuss the problems encountered 

with the Spacelabs hardware and attempt to resolve these pro- 

blems by discussing them with Spacelabs representatives. 

The initial tests of the Spacelabs ZCG breadboard showed 

a number of problems. As the testing proceeded it was found 

that a number of these problems could be traced to faulty 

construction and wiring. A number of the wiring errors were 

corrected in our laboratory. After the correction of these 
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problems, three specifications showed large deviations from 

the desired value. They were a) low output impedance of the 

current source measured at the end of the subject cables, 

b) low differential input impedance measured at the end of 

the subject cables, c> excessive noise on the first derivative 
* 

- output and d) the ECG R spike appearing on the first derivative 

output. 

A number of trips were made to Houston to meet with re- 

presentatives of the NASA and Spacelabs, Inc. in an attempt 

to resolve the problems. After the discussions with Spacelabs, 

Inc. personnel concerning the problems, Spacelabs made modi- 

fications in the existing breadboards. As a result of the 

modifications, the problems with low differential input im- 

pedance and ECG R spike on the first derivative output were 

resolved. Spacelabs reported that the maximum output impedance 

of the constant current source they could obtain was 60K ohms. 

The desired value would be lOOK ohms. It was agreed that this 

value would be acceptable. The problems with noise on the first 

derivative were not significantly changed after the modifications. 

This problem was also compounded by the fact that it is difficult 

to define the noise in a manner that would indicate its effect 

in reducing the accuracy of the cardiac output measurement. 

The approval to begin flight prototype construction was given 

by the NASA before this problem was completely resolved. No 

further work on the evaluation was done after approval to start 

flight prototype hardware construction was given to Spacelabs. Inc. 
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SECTION 111. D i g i t a l  Computer Program f o r  Computation o f .  
Card iac  Output by t h e  Impedance Method (ZCG) 

Summary - 
A d i g i t a l  computer program w a s  developed t o  compute beat 9 

by b e a t  s t r o k e  volume and c a r d i a c  o u t p u t  from ZCG in fo rma t ion ,  

The computer samples t h e  Zo and dZ/d t  o u t p u t  from a ZCG and 

f i n d s  (dZ/dtImin and T. 

f o r  L and p ,  t h e  program computes c a r d i a c  o u t p u t  and s t r o k e  

volume i n  r e a l  t i m e .  The p r e s e n t  program has  been t e s t e d  only  

on a l i m i t e d  number o f  s u b j e c t s  and under  l i m i t e d  c o n d i t i o n s .  

With t h i s  i n fo rma t ion  and t h e  v a l u e  

T h e r e f o r e ,  a d d i t i o n a l  work i s  needed t o  a s s u r e  o p e r a t i o n  on a 

l a r g e  number o f  s u b j e c t s  and under  v a r i o u s  c o n d i t i o n s .  

I n t r o d u c t i o n  - 
The s t r o k e  volume and c a r d i a c  o u t p u t  i n fo rma t ion  g iven  

by t h e  ZCG i s  o f  a b e a t  by b e a t  n a t u r e .  To  o b t a i n  a c c u r a t e  

ave rage  v a l u e s  and t o  con t inuous ly  observe  beat by beat s t r o k e  

volume and  c a r d i a c  o u t p u t  changes t h a t  occu r  under  v a r i o u s  

c o n d i t i o n s ,  it i s  n e c e s s a r y  t o  compute a l a r g e  number o f  

b e a t s .  T h i s  s e c t i o n  d e s c r i b e s  a p r e l i m i n a r y  d i g i t a l  computer 

program t h a t  w i l l  compute c a r d i a c  o u t p u t  and s t r o k e  volume i n  

real  t i m e  on a b e a t  by b e a t  b a s i s .  

The program was developed on a Spear  m i c r o - L I N C  com- 

p u t e r .  Fig.  3-3  shows a t y p i c a l  dZ/d t  waveform recorded  from 

four-band e l e c t r o d e s  as w a s  d e s c r i b e d  p r e v i o u s l y  (Chapter  One, 

S e c t i o n  I ) .  The s t r o k e  volume and c a r d i a c  o u t p u t  were 
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c a l c u l a t e d  us ing  t h e  s t a n d a r d  formula as d e s c r i b e d  below: 

A V  = s t r o k e  volume (cc) -.. 

P = r e s i s t i v i t y  of blood a t  1 0 0  kHz and 37.5OC 
( 1 5 0  ohm-cm) 

L = mean d i s t a n c e  between p i c k  up e l e c t r o d e  ( c m )  

Z = impedance between p i c k  up electrodes (ohms) 
0 

(dZ/dtImin = minimum va lue  of f i r s t  t i m e  d e r i v a t i v e  of  
Z (ohms p e r  sec) 

T = ( T 3  - T1) = v e n t r i c u l a r  e j e c t i o n  t i m e  as 

determined from t h e  dZ/d t  waveform 

T = t h e  t i m e  i n t e r v a l  between heart beats i n  
minutes  

C.O.  = cardiac o u t p u t  (cc p e r  min) 

F ig .  3-3 shows t h e  minimum v a l u e  of dZ /d t ,  T1, T3, and T. 

The d i f f e r e n c e  between T1 and T3  i s  t h e  v e n t r i c u l a r - e j e c t i o n  

t i m e .  

form as shown i n  F ig .  3 - 3  from (dZ/dtImin t o  .15(dZ/dtImin. 

Th i s  i s  done t o  e l i m i n a t e  from t h e  e j e c t i o n  t i m e  detemnina- 

t i o n  t h e  slow d e c r e a s e  i n  impedance t ha t  occur s  w i t h  some i n d i v i d u a l s  

a t  t h e  s t a r t  of s y s t o l e .  

t h e  peak p o s i t i v e  dZ/dt* a f te r  (dZ/dtImin. 

u s ing  o n l y  impedance in fo rma t ion  and does  no t  r e q u i r e  t h e  ECG for 

t iming .  

T1 i s  found by going back i n  t i m e  down the  dZ/dt  wave- 

T 3 ,  t h e  end o f  s y s t o l e  i s  i n d i c a t e d  by 

The program was developed 

A s i m p l e r  program could  be developed us ing  t h e  ECG f o r  
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t iming  b u t  it could  pu t  a r e s t r i c t i o n  on t h e  use  o f  t h e  pro- 

gram i n  some a p p l i c a t i o n s .  

Program D e s c r i p t i o n  - 
The program starts by sampling dZ/dt  fo r  2 seconds as 

shown i n  f i g .  3-3. I t  t h e n  f i n d s  (dZ/dtImin and d i v i d e s  it 

by 3 ( i n  f i g .  3-3 n e g a t i v e  dZ/dt  is  above t h e  zero  l i n e ) .  

Next t he  c o n s t a n t s  p and L are e n t e r e d .  The computer t h e n  

starts sampling dZ/dt  and looking  for a p o s i t i v e  dZ/dt va lue .  

When it f i n d s  a p o s i t i v e  v a l u e  it starts sampling and s t o r i n g .  

The computer is  now looking  for t h e  s t a r t  of t h e  nex t  complete 

s y s t o l e .  Re fe r r ing  t o  t h e  waveform shown i n  f i g .  3-3,  it can 

be seen  t h a t  dZ/dt  i s  p o s i t i v e  on ly  i n  t h e  las t  p a r t  o f  s y s t o l e  

or dur ing  diastole .  If it is  assumed t h a t  t he  computer found 

the p o s i t i v e  va lue  o c c u r r i n g  d u r i n g  t h e  l a t t e r  p a r t  o f  s y s t o l e  

t h e n  from f i g .  3-3 it can  be seen t h a t  t h e  nex t  n e g a t i v e  va lue  

of dZ/dt w i l l  occu r  du r ing  d i a s t o l e .  The normal  s u b j e c t s  tested 

t o  d a t e  have shown n e g a t i v e  dZ/d t  v a l u e s  du r ing  d i a s t o l e  t o  be 

g r e a t e r  t h a n  1 / 3 ( d Z / d t )  min. The re fo re ,  s i n c e  t h e  computer 

i s  looking  f o r  the  s tar t  of a s y s t o l e  it jumps ove r  any dZ/d t  

u n t i l  it i s  less t h a n  1/3(dZ/dtImin of t h e  p rev ious  b e a t .  

A f t e r  it f i n d s  a dZ/dt  less t h a n  1/3(dZ/dtImin it assumes it 

i s  i n  a s y s t o l i c  e j e c t i o n  pe r iod  and it begins  t o  look f o r  a 

ze ro  c r o s s i n g  which w i l l  occu r  a f t e r  (dZ/dtImin. 

computer f i n d s  a z e r o  c r o s s i n g  it samples f o r  1 5 0  m s  more which 

i s  enough t i m e  t o  cove r  a complete s y s t o l i c  e j e c t i o n  per iod .  

A f t e r  a 1 5 0  m s  it samples t h e  Z l i n e  t o  o b t a i n  Zoo 

t h e n  f i n d s  (dZ/dtImin and the  l o c a t i o n  i n  memory of .15(dZ/dt)min 

- 

When t h e  

The computer 
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by going  back i n  t i m e  down t h e  dZ/dt  waveform f r o m  (dZ/dtImin 

as shown i n  f i g .  3 - 3 .  Because t h e  sampling ra te  i s  c o n s t a n t  

and t h e  samples are s t o r e d  i n  c o n s e c u t i v e  l o c a t i o n  i n  t h e  

memory, t h e i r  p o s i t i o n  i n  t h e  memory w i l l  be  a n  i n d i c a t i o n  

of t h e i r  occu r rence  i n  real  t i m e .  

forward i n  t i m e  and f i n d s  t h e  l o c a t i o n  i n  t h e  memory of t h e  

most p o s i t i v e  dZ/d t  v a l u e  i n  t h e  c u r r e n t  samples which cor responds  

t o  T3.  The computer t h e n  c a l c u l a t e s  Tg  - T1 t o  o b t a i n  t h e  

s y s t o l e  e j e c t i o n  t i m e  T. A t  t h i s  p o i n t  t h e  computer h a s  a l l  

t h e  i n f o r m a t i o n  n e c e s s a r y  t o  compute s t r o k e  volume. 

Af te r  T1 i s  found it goes 

The computer t h e n  proceeds  t o  o b t a i n  T i n  o r d e r  t o  compute 

h e a r t  ra te  p e r  minute .  I t  computes t h e  t i m e  from t h e  s ta r t  of  

t h e  sampling and s t o r i n g  p e r i o d  t o  (dZ/dtImin and adds  t o  it 

t h e  t i m e  from t h e  p r e v i o u s  (dZ/dtImin t o  t h e  end of t h e  p rev ious  

sample p e r i o d .  The l a t t e r  t i m e  i n t e r v a l  w i l l  be  i n  e r r o r  on t h e  

f i rs t  b e a t  because o f  t h e  d e l a y  necessa ry  for  t h e  computer t o  

f i n d  t h e  s ta r t  of s y s t o l e .  The computer t h e n  s t o r e s  t h e  t i m e  

from t h e  (dZ/dtImin of t h e  p r e s e n t  b e a t  t o  t h e  end o f  t h e  c u r r e n t  

sample f o r  u se  i n  c a l c u l a t i n g  T for t h e  n e x t  beat.  The s t r o k e  

volume and c a r d i a c  o u t p u t  is  t h e n  c a l c u l a t e d  and t h e  v a l u e  o f  

c a r d i a c  o u t p u t  i s  d i s p l a y e d  on a ca thode  r a y . t u b e  as a p o i n t  on 

a graph.  The computer t h e n  jumps t o  p o i n t  B i n  t h e  f low chart  

t o  s ta r t  t h e  nex t  b e a t .  The t i m e  f o r  a l l  t h e  c a l c u l a t i o n s  i s  

less t h a n  t h e  sampling rate,  t h e r e f o r e  no t i m e  i s  l o s t .  

The p r e s e n t  program h a s  some d e f i c i e n c i e s  t h a t  need f u r t h e r  

work. For example, i f  some motion a r t i fac t  causes  a l a r g e  

I 
c 
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(dZ/dt lmin it is p o s s i b l e  t h a t  t h e  program would s t o p  c a l c u l a t i n g .  

A l s o ,  o t h e r  changes i n  t h e  waveform t h a t  may be apparent  a f te r  

t e s t i n g  a l a r g e  number of i n d i v i d u a l s  may r e q u i r e  changes i n  

t h e  p r e s e n t  c r i t e r i a  or t h e  a d d i t i o n  of new cr i ter ia .  , 
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CHAPTER FOUR 

O R I G I N  OF IMPEDANCE VARIATIONS DURING THE CARDIAC CYCLE 

9 0  

Summary - 
The c a r d i o g e n i c  change i n  t h o r a c i c  e l ec t r i ca l  impe- 

dance ( A Z )  w a s  s t u d i e d  i n  20 Kg, p e n t o b a r b i t o l  a n e s t h e t i z e d ,  

c losed -ches t  dogs w i t h  e l ec t romagne t i c  flowmeter probes 

p l aced  about  t h e  main pulmonary a r t e r y  and ascending a o r t a ,  

and wi th  ba l loon  c a t h e t e r s  i n  t h e  r i g h t  and l e f t  a t r ia .  AZ 

was measured wi th  a 4 band ( 2  neck and 2 a b d o m i n a l ) , e l e c t r o d e  

plethysmograph u t i l i z i n g  c o n s t a n t  c u r r e n t  1 0 0  kHz e x c i t a t i o n .  

A Z ,  pulmonic flow (PF)  and a o r t i c  flow (AF) were recorded  

du r ing  p e r i o d s  of d i s a s s o c i a t i o n  o f  PF and AF r e s u l t i n g  from 

i n f l a t i o n  of t h e  a t r i a l  b a l l o o n s ,  and also i n  a dog w i t h  a 

spontaneous l e f t  v e n t r i c u l a r  mechanical a l t e r n a n s  and a s table  

r i g h t - v e n t r i c u l a r  e j e c t i o n  p a t t e r n .  I t  was found i n  both t h e  

ba l loon  and a l t e r n a n s  experiments  t h a t  t h e  r a p i d  s y s t o l i c  

decrease i n  t h o r a c i c  impedance occurred  only  i n  t h e  presence 

of e j e c t i o n  of blood i n t o  t h e  a o r t a ,  and t h a t  t h i s  r e s u l t  w a s  

independent  of r i g h t  v e n t r i c u l a r  e j e c t i o n .  

ments demonstrated t h e  p e r s i s t e n c e  of AZ when a l l  branches of 

F u r t h e r  expe r i -  

t h e  a o r t a  t o  t h e  l e v e l  of t h e  diaphragm were l i g a t e d .  These 

f i n d i n g s  sugges t  t h a t  t h e  r a p i d  s y s t o l i c  dec rease  of t h o r a c i c  

impedance i n  t h e  dog is re lated t o  i n t r a t h o r a c i c  sys temic  

c i r c u l a t o r y  even t s .  F u r t h e r  work i n d i c a t e s  t h a t  ao r t i c  volume 

changes may be t h e  o r i g i n  o f  A Z .  
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The purpose  of t h i s  c h a p t e r  i s  t o  d e s c r i b e  an  i n v e s t i g a -  

t i o n  i n t o  one of t h e  b a s i c  q u e s t i o n s  i n  t h e  impedance c a r d i a c  

o u t p u t  t echn ique .  That  i s ,  what produces  t he  i n t r a t h o r a c i c  

impedance v a r i a t i o n s  s e e n  a c r o s s  the  chest d u r i n g  a cardiac 

c y c l e ?  The o r i g i n  o f  t h e s e  impedance v a r i a t i o n s  i s  most l i k e l y  

dependent  upon a p a r t i c u l a r  e l e c t r o d e  c o n f i g u r a t i o n  and t h e  

F r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  d e a l  w i t h  t h e  p a r t i c u l a r  

e l e c t r o d e  c o n f i g u r a t i o n  show i n  f i g u r e  4-1. 

Prev ious  i n v e s t i g a t i o n s  by t h i s  l a b o r a t o r y  i n t o  t h e  o r i -  

g i n  of  i n t r a t h o r a c i c  impedance v a r i a t i o n s  were by means of 

d e t e c t i n g  the  p a t h s  of maximum c u r r e n t  f l u x  w i t h  t h e  b e l i e f  

t h a t  t h e  impedance v a r i a t i o n s  would probably  be caused by t h e  

medium i n  which most c u r r e n t  f l u x  was found. R e s u l t s  o f  e a r l i e r  

i n v e s t i g a t i o n s  (1) i n d i c a t e d  t h a t  t h e  m a j o r i t y  o f  t h e  c u r r e n t  

f l u x  d i s t r i b u t e d  i t s e l f  through t h e  lung  f i e l d .  T h e r e f o r e ,  it 

w a s  f e l t  t h a t  t he  impedance v a r i a t i o n s  a c r o s s  t h e  c h e s t  were 

due t o  pulmonary blood volume changes s i n c e  t h e  impedance de- 

c r e a s e d  d u r i n g  s y s t o l e  implying a n  ilicreased blood volume and 

i n c r e a s e d  d u r i n g  d i a s t o l e  s u g g e s t i n g  a r u n  o f f  o f  blood.  T h i s  

w a s  t h e  case f o r  t h e  pulmonary c i r c u l a t i o n .  The purpose  of t h i s  

i n v e s t i g a t i o n  w a s  t o  e v a l u a t e  t h i s  h y p o t h e s i s .  

A f o u r  e l e c t r o d e  1 0 0  kHz impedance system w a s  used i n  t h i s  

i n v e s t i g a t i o n .  The e x c i t a t i o n  e l e c t r o d e s  c o n s i s t e d  o f  a band 

around the  upper  p o r t i o n  of the neck and the abdomen. T h e  

i n n e r  two s e n s i n g  e l e c t r o d e s  w e r e  p l aced  a t  t h e  lower boundary 

o f  t h e  neck and approximate ly  1 c m  below t h e  x i p h i s t e r n a l  j o i n t .  

P o s i t i o n i n g  of t h e  two e x c i t a t i o n  bands w a s  n o t  c r i t i c a l  excep t  
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for t h e  fact t h a t  t h e  e x c i t a t i o n  band on t h e  neck must be a t  

least  3 c m  away from t h e  s e n s i n g  e l e c t r o d e ’ b a n d .  The tho rax  

was e x c i t e d  by a 1 0 0  kHz c o n s t a n t  c u r r e n t  sou rce  

l i t u d e  of 6 mi l l iamps  r m s  and wi th  an  o u t p u t  impedance of 

L O O  K ohms a t  the end of 7 f o o t  e l e c t r o d e  l e a d s .  The sens ing  

e l e c t r o d e s  saw an  i n p u t  impedance of 1 0 0  K ohms a t  t h e  end of 

7 f o o t  i n p u t  l e a d s .  

For  t h e  exper imenta l  d e s i g n  it appeared t h a t  t h e  most d i -  

rect  method of  de te rmining  t h e  o r i g i n  of impedance v a r i a t i o n s  

w a s  t o  d i s s o c i a t e  r i g h t  and l e f t  v e n t r i c u l a r  e j e c t i o n  i n  a n i -  

mals and observe  r e s u l t i n g  impedance changes of the  tho rax .  I t  

would chen b e  p o s s i b l e  t o  de te rmine  i f  t h e  major c o n t r i b u t i o n  

w a s  coming from t h e  sys temic  c i r c u l a t o r y  system or from t h e  

pulmonary system. Fig.  4 -1  d e s c r i b e s  t h e  methods used i n  t h e  

first approach t o  d i s s o c i a t i n g  r i g h t  and l e f t  v e n t r i c u l a r  e j e c t i o n s .  

F igure  4 -1  E lec t rode  and ba l loon  catheter placement 
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Twenty ki logram m a l e  mongrel dogs w e r e  a n e s t h e t i z e d  wi th  

p e n o b a r b i t o l  a t  30 milograms p e r  ki logram and impedance d e t e r -  

mina t ions  were made i n  t h e  u s u a l  f a sh ion .  Then w i t h  t h e  animal  

a t t a c h e d  t o  a p o s i t i v e  p r e s s u r e  r e s p i r a t o r ,  a l e f t  t h o r a c i c o -  

- tomy w a s  performed and ba l loon  catheters were p laced  i n  each 

Elec t romagnet ic  flowprobes a t r i u m  v i a  t h e  a t r i a l  appendage. 

for  a B i o t r o n i x  Model 410 e l ec t romagne t i c  flowmeter were a c u t e l y  

implanted on t h e  main pulmonary a r t e r y  and on t h e  ascending  

aorta. A f t e r  c l o s u r e  o f  t h e  c h e s t  t h e  an imals  were p laced  up- 

on a con t inous  s u c t i o n  t o  e l i m i n a t e  any pneumothorax. Simul- 

taneous  AZ, dZ/d t ,  a o r t i c  and pulmonary f l o w  t r a c i n g s  were 

recorded  whi le  ba l loon  c a t h e t e r s  were i n f l a t e d  i n  v a r i o u s  se- 

quence so as t o  d i s s o c i a t e  aor t ic  f r o m  pulmonic f low for b r i e f  

p e r i o d s .  Resu l t ing  impedance t r a c i n g s  were t h e n  examined f o r  

c o n t r i b u t i o n s  from e i t h e r  pulmonic or sys temic  volume changes 

as i n d i c a t e d  by t h e  flowmeter t r a c i n g s .  

Fig.  4-2a i n d i c a t e s  a c o n t r o l  c o n d i t i o n  i n  which both 

b a l l o o n s  were d e f l a t e d ,  t h e  c o n t r o l  or normal AZ waveform w a s  

c h a r a c t e r i z e d  by t h e  r a p i d  d e c r e a s e  i n  impedance du r ing  sys- 

t o l e ,  (impedance d e c r e a s e s  upward i n  t h e s e  t r a c i n g s ) .  Note 

t h e  c o r r e l a t i o n  between t h e  o n s e t  of r a p i d  dec rease  i n  impe- 

dance and t h e  o n s e t  of s y s t o l e  as i n d i c a t e d  by aor t ic  f low or 

t h e  EKG waveform. Th i s  r a p i d  decrease of impedance du r ing  

s y s t o l e ,  or t h e  s y s t o l i c  component of t h e  AZ waveform, i s  t h e  

p o r t i o n  of t h e  impedance waveform t h a t  i s  used i n  ou r  labor- 

a t o r y  as a means f o r  e s t i m a t i n g  c a r d i a c  o u t p u t  and subsequent ly  

it is  t h e  o r i g i n  of t h i s  p o r t i o n  of  t h e  waveform t h a t  is of 

i n t e r e s t .  F ig .  4-2a i s  a c o n t r o l  c o n d i t i o n  f o r  t h e  fo l lowing  
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sequence of even t s :  

a)  both b a l l o o n s  d e f l a t e d  

b )  r i g h t  a t r i a l  b a l l o o n  i n f l a t e d  

c )  l e f t  a t r i a l  ba l loon  i n f l a t e d  

d )  r i g h t  a t r i a l  ba l loon  d e f l a t e d  

e )  l e f t  a t r i a l  ba l loon  d e f a l t e d  r e t u r n i n g  t o  c o n t r o l  

c o n d i t i o n  

R e s u l t s  of t h i s  exper imenta l  run  are d e s c r i b e d  i n  f i g u r e s  

4-2b through 4 -2e .  

F igure  4-2b shows t h e  c o n d i t i o n  of the animal when t h e  

r i g h t  a t r i a l  b a l l o o n  w a s  i n f l a t e d  w i t h  t h e  l e f t  a t r i a l  b a l -  

loon  s t i l l  deflated.  Blood w a s  f ree  t o  move from t h e  pulmon- 

a r y  c i r c u l a t i o n  i n t o  t h e  l e f t  h e a r t  and o u t  i n t o  t h e  sys temic  

c i r c u l a t i o n .  It can be seen  t h a t  t h e  AZ waveform w a s  s t i l l  

p r e s e n t  i n  t h e  f irst  c a r d i a c  c y c l e  of  t h i s  f i g u r e  and de- 

c reased  as  t h e  a o r t i c  f low decreased .  Fig.  4-2c  d e p i c t s  t he  

r e s u l t s  when both  ba l loons  w e r e  i n f l a t e d .  I t  c a n  be seen  

t h a t  t h e  aor t ic  f l o w  and AZ waveform had e s s e n t i a l l y  gone t o  

ze ro .  When t h e  r i g h t  a t r i a l  ba l loon  w a s  d e f l a t e d  while  t h e  

l e f t  a t r i a l  ba l loon  remained i n f l a t e d  t h e  pulmonary a r t e r y  flow 

r e t u r n e d ,  a o r t i c  f l o w  w a s  s t i l l  z e r o  bu t  a AZ waveform w a s  

p r e s e n t  as  seen  i n  f i g .  4-2d. Note t h a t  t h e  AZ waveform was 

d i s p l a c e d  i n  t i m e ,  1.e. t h e r e  w a s  n o t  t h e  r a p i d  dec rease  of  

impedance wi th  t h e  o n s e t  of s y s t o l e  as w a s  c h a r a c t e r i s t i c  of  

t h e  c o n t r o l  c o n d i t i o n .  Th i s  r e s u l t  w a s  found e s s e n t i a l l y  i n  

a l l  dogs i n  t h i s  exper imenta l  c o n d i t i o n .  I n  f i g .  4-2e t h e  l e f t  

a t r i a l  b a l l o o n  had been d e f l a t e d .  Pulmonary a r t e r y  f l o w  was 

now p r e s e n t ,  a o r t i c  f low had r e t u r n e d  and theAZ waveform had 
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Figure  4 - 2 e  L e f t  a t r i a l  b a l l o o n  d e f l a t e d  ( b o t h  b a l l o o n s  
d e f l a t e d  

r e t u r n e d  t o  i t s  c o n t r o l  c h a r a c t e r i s t i c s .  The dZ /d t  waveform 

showed pronounced s y s t o l i c  peaking i n d i c a t i n g  fas t  or r a p i d  

d e c r e a s e  i n  impedance w i t h  s y s t o l e .  

These r e s u l t s  were t y p i c a l  of t h o s e  found i n  a ser ies  of 

t e n  exper iments  and subsequen t ly  t h e  o r i g i n a l  pulmonary o r i -  

g i n  h y p o t h e s i s  w a s  changed. I t  w a s  now assumed t h a t  a o r t i c  

f l o w ,  o r  some sys t emic  c i r c u l a t o r y  f u n c t i o n ,  i s  the  o r i g i n  of 

t h e  r a p i d  decrease o f  impedance d u r i n g  s y s t o l e .  

The preceding  series o f  f i g u r e s  describe t h e  r e s u l t s  of 

a n  experiment  i n  which it w a s  p o s s i b l e  t o  d i s s o c i a t e  r i g h t  and 

l e f t  v e n t r i c u l a r  f u n c t i o n s  a l t h o u g h  these f u n c t i o n s  occur red  

w i t h  b a l l o o n  c a t h e t e r s  i n  t h e  a n i m a l ' s  a t r i a .  F o r t u n a t e l y  
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t w o  animals e x h i b i t e d  spontaneous l e f t  v e n t r i c u l a r  mechanical 

a l t e r n a n s  and s t a b l e  r i g h t  v e n t r i c u l a r  e j ec t ion  p a t t e r n s  wi th  

t h e  h e a r t  i n t a c t .  The t r a c i n g s  ob ta ined  from one of t h e s e  

an imals  w i t h  t h e  l e f t  mechanical a l t e r n a n s  c o n d i t i o n  i s  show i n  

f i g .  4-3 .  The pulmonary a r t e r y  flow occur red  wi th  t h e  normal 
e 
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Figure  4-3 L e f t  h e a r t  mechanical  a l t e r n a n s ,  Dog No. 8 

s i n u s  rhythm of t h e  ECG wh i l e  a o r t i c  f l o w  w a s  p r e s e n t  on ly  

w i t h  every  second b e a t .  The A2 waveform corresponded i n  t i m e  

w i th  t h e  aortic f low and t h e  r a p i d  d e c r e a s e  of impedance 

occurred  o n l y  wi th  t h e  o n s e t  of l e f t  v e n t r i c u l a r  e j e c t i o n  and 

w a s  independent  of r i g h t  v e n t r i c u l a r  e j e c t i o n .  Fig.  4-4 shows 

t h e  same a l t e r n a n s  c o n d i t i o n  i n  a n o t h e r  animal .  Here t h e  pul-  

monary f l o w  w a s  r e g u l a r  and t h e  aor t ic  flow v a r i e d .  There w a s  

n o t  t h e  marked degree  of mechanical  a l t e r n a n s  as t h e r e  w a s  i n  
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t h e  p rev ious  animal  b u t  it can  be seen  t h a t  t h e  AZ waveform, 

subsequen t ly  dZ /d t ,  v a r i e d  with aor t ic  b u t  no t  the  pulmonary 

a r t e r y  f l o w .  
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Figure  4-4 L e f t  heart mechanical  a l t e r n a n s ,  Dog No. 1 2  

The previous  ev idence  s u g g e s t s  t h a t  t he  AZ waveform occur s  

as  a consequence of  lef t -s ided hemodynamic even t s .  However it 

was no t  shown whether t h e  s i te  of  o r i g i n  of AZ waveform i s  i n -  

t r a t h o r a c i c ;  t h a t  i s  from the l e f t  v e n t r i c l e ,  aorta o r  e x t r a -  

t h o r a c i c ,  t h a t  i s  from thoracic w a l l  c i r c u l a t i o n .  Although it 

remains t o  be c o n c l u s i v e l y  demonstrated,  ev idence  t h u s  fa r  in -  

dicates t h a t  it i s  u n l i k e l y  t h a t  t h e  l e f t  v e n t r i c l e  i s  t h e  o r i -  

g i n  o f  t h e  s y s t o l i c  d e c r e a s e  i n  impedance because i t s  diminished 

blood volume dur ing  s y s t o l e  should cause  decreased c o n d u c t i v i t y  

a t  t h i s  t i m e .  However, e i ther  t h e  aorta or t h o r a c i c  w a l l  

v a s c u l a t u r e  could account  for a s y s t o l i c  impedance decrease 
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s i n c e  t h e i r  blood volumes and hence c o n d u c t i v i t i e s ,  would be 

a p p r o p r i a t e l y  i n c r e a s e d  d u r i n g  s y s t o l e .  Therefore a n  exper- 

iment w a s  planned which would e l i m i n a t e  t h e  e x t r a  t h o r a c i c  

c i r c u l a t i o n  so t h a t  o b s e r v a t i o n s  of AZ cou ld  be made i n  i t s  

absence.  

Twenty Kilogram male mongrel dogs were a n e s t h e t i z e d  wi th  

- p e n t o b a r b i t o l  a t  t h e  rate of 30 mil lograms p e r  ki logram and 

impedance d e t e r m i n a t i o n s  w e r e  made i n  t h e  u s u a l  f a s h i o n  as 

a c o n t r o l  c o n d i t i o n .  Then, w i t h  t h e  an imals  p l aced  upon a 

p o s i t i v e  p r e s s u r e  r e s p i r a t o r ,  a l e f t  thoracotomy was performed 

and t h e  aorta was exposed as competely as p o s s i b l e .  Electro- 

magnet ic  f lowprobes were p laced  on the  ascending  aorta i n  a l l  

an ima l s ,  and i n  some animals  i n  t h i s  series o f  experiments  a 

probe.was p l aced  about  t h e  main pulmonary a r t e r y .  I n  a d d i t i o n  

b a l l o o n  catheters of t h e  t y p e  p r e v i o u s l y  desc r ibed  were also 

p laced  i n  t h e  r i g h t  and l e f t  a t r i a  of some of t h e  animals .  

Following t h e  placement of t h e  probes  and catheters a l l  branches 

from t h e  a o r t a  t o  t h e  l e v e l  of t h e  diaphragm were l i g a t e d .  The 

b r a c h i a l c e p h a l i c  v e s s e l s  were ligated immediately prior t o  

chest c l o s u r e .  A f t e r  c l o s u r e  of t h e  chest ,  t h e  a n i m a l s  were 

p laced  on a con t inous  s u c t i o n  t o  e l i m i n a t e  any pneumothorax 

and impedance d e t e r m i n a t i o n s  were t h e n  made i n  a c o n t r o l l e d  

s ta te .  

The r e s u l t s  of a series of t h e s e  experiments  i s  demon- 

s t ra ted  i n  f i g .  4-5. T h e  impedance waveform, A Z ,  was found 

t o  p e r s i s t  i n  t h e  exper imenta l  an ima l s  fo l lowing  thoractomy 
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Figure  4-5 Impedance waveforms b e f o r e  and a f te r  l i g a t i o n  
of a o r t a  branch v e s s e l s  

and a o r t i c  branch l i g a t i o n .  I n  a d d i t i o n  it w a s  a l s o  shown by 

means of b a l l o o n  experiments  (as d e s c r i b e d  above) t h a t  t h e  

r a p i d  s y s t o l i c  d e c r e a s e  which c h a r a c t e r i s t i c s  t h e  normal 

waveform occurred  on ly  i n  t h e  presence  o f  t h e  e j e c t i o n  of 

blood i n t o  t h e  aorta. The d i f f e r e n c e s  between t h e  pre-op and 

p o s t  l i g a t i o n  A Z  waveform were no d i f f e r e n t  t h a n  t h o s e  i n  t h e  

o r d i n a r y  p o s t  thoractomy animal i n  t h e  absence of l i g a t i o n .  

F ig .  4-6 d e s c r i b e s  a c o n d i t i o n  wi th  b a l l o o n s  i n  t h e  r i g h t  and 

l e f t  a t r i u m  of a n  animal w i th  l i g a t e d  a o r t i c  branch v e s s e l s .  

It  can be seen  t h a t  t h e  r a p i d  d e c r e a s e  of impedance w i t h  t h e  

o n s e t  of s y s t o l e  occurred  on ly  when t h e r e  w a s  a n  aor t ic  pu l se .  

The impedance change waveform occur r ing  w i t h  t h e  c a r d i a c  c y c l e  

c o n t a i n i n g  o n l y  pulmonary f low w a s  a g a i n  d i s p l a c e d  i n  t i m e  

and conta ined  no r a p i d  d e c r e a s e  of  impedance wi th  t h e  o n s e t  

of s y s t o l e .  

100 
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Figure  4-6 A t r i a l  ba l loon  experiment  w i th  l i g a t e d  aortic 
branch v e s s e l s  

The r e s u l t s  o f  these l i g a t i o n  experiments  i n d i c a t e  t h a t  

t h e  o r i g i n  of impedance v a r i a t i o n s  occur r ing  du r ing  the  car- 

d i a c  c y c l e ,  as monitored by t h e  f o u r  band e l e c t r o d e  conf igu r -  

a t i o n ,  appeared t o  be from t h e  sys temic  c i r c u l a t i o n  and ap- 

peared  t o  be p r i m a r i l y  i n t r a t h o r a c i c  as opposed t o  being 

caused by volume changes i n  the t h o r a c i c  w a l l .  

A s  a f u r t h e r  i n v e s t i g a t i o n  of t he  o r i g i n  of impedance 

v a r i a t i o n s ,  a p i l o t  ser ies  o f  experiments  w a s  r u n  i n  which 

l e f t  h e a r t  bypass w a s  used  t o  dissociate r i g h t  and l e f t  ven- 

t r i c u l a r  f u n c t i o n s .  A Karvard Apparatus  p u l s a t i l e  pump (model 

1403) was used t o  p r o f u s e  t h e  aorta a l lowing  c o n t r o l  over  

s t r o k e  volume and p u l s e  r a t e  for sys temic  flow. By s e t t i n g  

t h e  p u l s e  ra te  of the pump e q u a l  t o  approximately one-half  t h e  

p u l s e  ra te  o f  t h e  normal s i n u s  rhythm of t h e  animal  and t h e  

s t r o k e  volume compensated such that  r i g h t  and l e f t  v e n t r i c u l a r  

o u t p u t s  were e q u a l ,  it w a s  found t h a t  t h e  major c o n t r i b u t i o n  
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.to t h e  impedance change of t h e  tho rax  w a s  t h e  volume change 

induced by t h e  p u l s a t i l e  pump as opposed t o  t h e  normal car- 

d i a c  rhythm volume changes produced by t h e  r i g h t  v e n t r i c u l a r  

e j e c t i o n  ( f i g .  11-71. 

Fig.  4-7 Impedance response  t o  l e f t  v e n t r i c u l a r  bypass 
wi th  p u l s a t i l e  pump 

A m o d i f i c a t i o n  of t h e  pump experiment w a s  c a r r i e d  o u t  on one 

dog i n  which t h e  h e a r t  w a s  p u t  i n t o  f i b r i l l a t i o n  t o  s t o p  pul-  

monary c i r c u l a t i o n  whi le  t h e  pump w a s  al lowed r o  r u n ,  f i l l i n g  

f r o m  a l a r g e  blood r e s e r v o i r .  Thorac ic  impedance v a r i a t i o n s  

fol lowed pump induced s t r o k e  volume changes i n  t h e  a o r t a  i nd ica -  

t i n g  t h a t  volume changes i n  t h e  a o r t a  could  indeed produce t h o r -  

acic impedance changes as monitored from t h e  f o u r  band e l e c t r o d e  

c o n f i g u r a t i o n .  
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F u r t h e r  i n t e r e s t i n g  r e s u l t s  were ob ta ined  when t h e  f l u i d  

pumped i n t o  t h e  f i b r i l l a t i n g  dog w a s  changed t o  1/2 normal 

s a l i n e  and t h e n  t o  t a p  water whi le  keeping t h e  r a t e  and s t roke 

volume of t h e  pump c o n s t a n t .  

ampl i tude  of impedance v a r i a t i o n s  o c c u r r i n g  wi th  t h e  profu-  

s i o n  of blood t h e  fo l lowing  o b s e r v a t i o n s  were noted.  

Consider ing as a r e f e r e n c e  t h e  

Impedance 

ampl i tudes  €or t h e  volume changes of 1 / 2  normal s a l i n e  were 

approximate ly  equal t o  t h e  impedance ampl i tudes  noted  when 

blood w a s  p rofused  i n  t h e  a o r t a .  P ro fus ion  wi th  t a p  w a t e r  

produced an  i n c r e a s e  i n  impedance du r ing  s y s t o l e  as opposed 

t o  t h e  decrease i n  impedance du r ing  s y s t o l e  w i t h  blood and 

s a l i n e .  The magnitude of t h e  i n c r e a s e  i n  impedance wi th  

s y s t o l e  for  water p ro fus ion  w a s  cons ide rab ly  smaller than  

t ha t  f o r  t he  changes i n  impedance o c c u r r i n g  w i t h  p ro fus ion  of  

blood o r  s a l i n e .  These r e s u l t s  i n d i c a t e  t h a t  changes i n  t h e  

volume of a volume conductor  are r e s p o n s i b l e  f o r  thoracic i m -  

pedance v a r i a t i o n s  ra ther  t h a n  such phenomena as p r e s s u r e  changes 

on t h e  e l e c t r o d e  i n t e r f a c e  or motion of t h e  g r e a t  heart or 

v e s s e l s .  The f ac t  t h a t  approximately t h e  same ampl i tude  i m -  

pedance v a r i a t i o n s  were ob ta ined  w i t h  1 / 2  normal  s a l i n e  as com- 

pared t o  t h a t  w i t h  whole blood would i n d i c a t e  t ha t  the  t h o r a c i c  

impedance v a r i a t i o n s  were a g a i n  due t o ' e h a n g e s  of impedance w i t h  

flow s i n c e  the  e lectr ical  p r o p e r t i e s  of  red blood ce l l s  was 

n o t  conta ined  i n  the  h a l f  normal s a l i n e .  

I n  conc lus ion  t h e  data i n d i c a t e  t h a t  the  impedance v a r i a -  

t i o n s  observed wi th  t h e  f o u r  band e l e c t r o d e  c o n f i g u r a t i o n  have 

an  i n t r a t h o r a c i c  sys t emic  c i r c u l a t o r y  o r i g i n ,  and t h a t  t h e  i m -  

pedance v a r i a t i o n s  may be due t o  changes i n  t h e  ao r t i c  volume. 
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CHAPTER FIVE 

APYLICATIO14S OF THORACIC IMPEDANCE VARIATIONS 

DURING THE CARDIAC CYCLE; 

SECTIOI?I I. R e l a t i o n s h i p s  between Impedance Changes and: 

a )  Aort ic  Flow Ve loc i ty  

b )  Aor t ic  Flow Acce le ra t ion  
.. 

summary - 
It has  been shown i n  t h e  dog t h a t  changes o f  peak 

dZ/dt and d2Z/d t2  r e l i a b l y  ref lect  changes i n  peak a o r t i l e  

flow (AF) and dF /d t  under t h e  exper imenta l  c o n d i t i o n s  des- 

cribed. The theoretical  and p r a c t i c a l  i m p l i c a t i o n s  o f  

t h e s e  f i n d i n g s  have been d i s c u s s e d  and f u r t h e r  e x p l o r a t o r y  

work proposed. 

I n t r o d u c t i o n  - 
Following t h e  demonstrat ion of t h e  r e l a t i o n s h i p  be- 

tween A Z  and, l e f t - s i d e d  hemodynamic e v e n t s  (Chap. 4) and 

t h e  s t r o n g  sugges t ion  t h a t  A;! m o s t  probably r e s u l t e d  from 

t h o r a c i c  aor t ic  volume changes,  t h e  q u e s t i o n  arose as t o  

whether t h e r e  w a s  any q u a n t i t a t i v e  r e l a t i o n s h i p  between 

impedance e v e n t s  and aor t ic  hemodynamic even t s .  

It w a s  hypothes ized  on t h e  b a s i s  of t h e  ev idence  t h a t  

A2 w a s  t h e  electrical  ana log  of cont inuous  volume changes 

( A V )  of a segment of t h e  thoracic a o r t a .  A V  a t  any i n -  

s t a n t ,  f o r  a segment of aorta, can be cons ide red  t o  be t h e  

d i f f e r e n c e  between in f low t o  the  given segment and out f low 
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from t h e  segment. Uuring t h e  e a r l y  p a r t  of s y s t o l e  when 

aor t ic  volume i s  i n c r e a s i n g  r a p i d l y  and AZ i s  d e c r e a s i n g  

r a p i d l y ,  t h e  most impor t an t  i n f l u e n c e  on A V  i s  obv ious ly  

inf low t o  t h e  aor t ic  segment. S ince  i n f l o w  t o  t h e  thoracic 

aorta can be con t inuous ly  determined by means of t h e  e l e c t r o -  

magnet ic  f l o w m e t e r ,  it t h e r e f o r e  seemed l o g i c a l  t o  a t t empt  

t o  re la te  t h i s  hemodynamic parameter  t o  t h e  impedance 

e v e n t s .  A o r t i c  i n f l o w  or t h e  p a t t e r n  of t h e  v e n t r i c u l a r  

e j e c t i o n  p u l s e  i s  however a v e l o c i t y  phenomenon n o t  a 

volume phenomenon, i n  a mathematical  s e n s e ,  so i t  t h e r e -  

f o r e  seems r e a s o n a b l e  to compare t h e  first t i m e  d e r i v a t i v e  

of impedance dZ/d t  (which would a l s o  by analogy r e p r e s e n t  

a v e l o c i t y  phenomena) t o  a o r t i c  i n f low v e l o c i t y .  Through 

siniilarp r e a s o n i n g  i t  w a s  dec ided  t o  also compare t h e  second 

t i m e  d e r i v a t i v e  o f  impedance d2Z/d t2  w i t h  t h e  f i r s t  t i m e  

a e r i v a t i v e  of' a o r t i c  f low v e l o c i t y  dF/dt  ( a o r t i c  accelera- 

t i o n ) .  Tne q u e s t i o n  askeu  w a s  whether t h e  e lec t r ica l  

e v e n t s  bore any q u a n t i t a t i v e  r e l a t i o n s h i p  t o  t h e  hemo- 

dynamic e v e n t s .  

Platerials and Iqethods - 
Twenty kg rnongrel dogs were a n e s t h e t i z e d  w i t h  Pento- 

b a r u i t a l  (30  mg/kg), v e n t i l a t e d  w i t h  a p o s i t i v e  p r e s s u r e  

r e s g i r a t o r ,  and s u b j e c t e d  t o  l e f t  thoracotomy a t  which 

time a n  e l e c t r o m a g n e t i c  flowmeter probe (Bio t ronex  Model 410  1 

of t n e  a p p r o p r i a t e  s i z e  was p laced  abou t  t h e  ascending  a o r t a ,  
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and pacemaker e l e c t r o d e s  were sewn i n t o  t h e  r i g h t  o r  

l e f t  a t r i a l  appendage. The thoracotomy wound was then  

c l o s e d  and a l l  a i r  w a s  evacuated  from the  thorax .  Aort ic  

f l o w  v e l o c i t y  (HF) and i t s  first t i m e  d e r i v a t i v e  dF/dt  

( o b t a i n e d  by cont inuous  e l e c t r o n i c  d i f f e r e n t i a t i o n )  were 

recorded .  LLZ, dZ/dt ,  and d2Z/d t2  were also reco rded  i n  

t h e  u s u a l  f a s h i o n .  The atr ia  w e r e  s t imula ted  w i t h  p a i r e d  

p u l s e  pacemaker (Medtronic  Model 5837) so t h a t  t h e  h e a r t  

- 

rate could  i n  most i n s t a n c e s  be v a r i e d  between 60  and 1 5 0  

beats p e r  minute. The aforementioned parameters  were re- 

corded d u r i n g  p e r i o d s  of end e x p i r a t o r y  apnea a t  each h e a r t  

ra te  l e v e l .  Peak AF i n  l i t e rs  p e r  minute was measured 

and p l o t t e d  a g a i n s t  peak dZ/d t  i n  ohms p e r  second. Peak 

d F / a t  was measured i n  a r b i t r a r y  u n i t s  and p l o t t e d  a g a i n s t  

peak d2Z/d t2  i n  ohms p e r  second’. The main effect of 

r a i s i n g  t h e  h e a r t  rate by t h e  pac ing  was t o  cause t h e  

s t r o k e  voluriie, peak aortic f l o w  v e l o c i t y  and peak aortic 

a c c e l e r a t i o n  t o  dec rease .  Thus a wide range  of peak AF 

and d F / d t  w a s  achieved.  

R e s u l t s  - 
Fig. 5-1 shows t h e  r e s u l t s  of one experiment  i n  which 

peak AF w a s  p l o t t e d  a g a i n s t  peak dZ/d t?  A least  s q u a r e s  

J 
A * 
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Fig.  5 -1  Comparison of peak dZ/dt  w i t h  peak ascending  ao r t a  

f i t  (L.S.F.)  l i n e  was drawn for each  p l o t  and t h e  s t a n d a r d  

error of the estimate noted .  A s  can be s e e n  t h e r e  i s  a 

good l i n e a r  r e l a t i o n s h i p  between t h e  t w o  v a r i a b l e s ,  and 

a r e l a t i v e l y  small degree  o f  scat ter .  F ig .  5-2 shows a 

flow; r ange  o b t a i n e d  by pac ing  h e a r t  
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Fig.  5-2 Comparison of peak dZ/dt  w i t h  peak ascending  a o r t a  
flow, f o u r  dogs 
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composite of 4 such  exper iments  ( twelve  were performed) and 

shows s i m i l a r  r e s u l t s  t o  t h o s e  found i n  f i g .  5-1. However 

it can be no ted  t h a t  there i s  v a r i a t i o n  of t h e  slope of t h e  

L.S,F. l i n e  f r o m  experiment  t o  experiment.  This  p o i n t  i s  

impor t an t  and will be d i s c u s s e d  i n  some d e t a i l  below. 

Fig. 5-3 shows a p l o t  of peak dF /d t  ( i n  a r b i t r a r y  u n i t s )  

a g a i n s t  peak d Z / d t  . Again a s t r i k i n g  l i n e a r  r e l a t i o n -  N 2 2 

s h i p  can  be 

NO. 23 
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Fig. 5-3 Peak f i r s t  d e r i  a t i v e  of ascending aorta f l o w  

s e e n  between t h e  t w o  v a r i a b l e s .  Fig.  5-4 shows a com- 

VS. peak d2Z/d tY ,  range ob ta ined  by pac ing  

p o s i t e  of f o u r  such  experiments  (seven were performed) and 

it has  t h e  same f i n d i n g s  as found i n  f i g .  5-3, Note how- 

e v e r  t h e  increased scatter i n  t h e s e  a c c e l e r a t i o n  p l o t s  

as compared t o  t h e  v e l o c i t y  p l o t s .  
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Fig. 5-4 Peak d (ao r t i c  f l o w ) / d t  VS. peak d 2 Z / d t 2 5  f o u r  dogs 

L)iscussion - 
lieceritly Rushmer and h i s  c o l l e a g u e s  (1) have sugges t ed  

t h a t  e v a l u a t i o n  of wnat they t e r m  t h e  " i n i t i a l  v e n t r i c u l a r  

iniyulse" might y i e l d  v a l u a b l e  in fo rma t ion  about  t h e  l e v e l  

of f u n c t i o n  of t h e  l e f t  v e n t r i c l e .  To s u b s t a n t i a t e  t h i s  

c o n t e n t i o n ,  Kushmer ( 2 )  and Noble ( 3 )  have p u b l i s h e d  d a t a  

which denionstrate  t h a t  measurement o f  peak a o r t i c  flow 

v e l o c i t y  and a c c e l e r a t i o n  i n  i n t a c t ,  awake dogs i s  u s e f u l  

i n  t h a t  chanjies i n  these parameters  are s e n s i t i v e  i n d i c a t o r s  

of changes i n  l e f t  v e n t r i c u l a r  c o n t r a c t i l i t y  induced by 

d rugs ,  e x e r c i s e  o r  ischemia. These workers have f u r t h e r  

sugges t ed  t h a t  such measurements might prove ex t remely  

M 
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u s e f u l  i n  t h e  c l i n i c a l  s e t t i n g  were t h e y  p o s s i b l e .  

f o r t u n a t e l y  t h e  o n l y  methods a v a i l a b l e  for making such de- 

Un- 

t e r m i n a t i o n s  are c a t h e t e r i z a t i o n  t e c h n i q u e s  which are com- 

p l e x  and r e q u i r e  a l e v e l  of t e c h n i c a l  competence which 

makes t h e i r  widespread use u n l i k e l y .  

The f i n d i n g s ,  r e p o r t e d  h e r e ,  s u g g e s t  t h a t  changes i n  

t h e  peak magnitude of dZ/d t  and d 2 Z / d t 2  ref lect  changes 

i n  peak AF and d F / d t  i n  t h e  expe r imen ta l  s i t u a t i o n  des-  

c r i b e d .  Therefore  it i s  sugges t ed  t h a t  t h e s e  measurements 

may be v a l u a b l e  i n  o b t a i n i n g  in fo rma t ion  about  t h e  i n i t i a l  

v e n t r i c u l a r  impulse i n  i n t a c t  humans and an imals .  

However t h e r e  are s t i l l  s e v e r a l  unanswered q u e s t i o n s  

about  t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  which must be 

d i s c u s s e d  and a t  t h e  p r e s e n t  t ime remain unanswered. 

The  first q u e s t i o n  concerns the g e n e r a l  a p p l i c a b i l i t y  

of the  method t o  o t h e r  c i r c u l a t o r y  s i t u a t i o n s  t h a n  t h e  one 

desc r ibed .  It  can f a i r l y  be asked  whether  t h e  e lectr ical  

impedance pa rame te r s ,  under c i rcumstances  when t h e  p e r i -  

p h e r a l  r e s i s t a n c e  and s t r o k e  volume are changing r a p i d l y  

( such  as i n  e x e r c i s e ) ,  w i l l  adequa te ly  ref lect  changes i n  

t he  hemodynamics v a r i a b l e s .  This  q u e s t i o n  ha5 no t  been 

answered y e t ,  b u t  h o p e f u l l y  soon w i l l  be answered. Th i s  

p o i n t  i s  c l e a r l y  of importance i n  de t e rmin ing  whether  the 

c u r r e n t  r e s u l t s  are accep ted  on e m p i r i c a l  grounds,  o r  on 

t h e  basis  of o u r  hypo thes i s .  

B pi 
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The n e x t  unanswered q u e s t i o n  i s  t h a t  of t h e  cause  of 

t h e  v a r i a b i l i t y  of t h e  s l o p e s  of t h e  LSF l i n e s  i n  t h e  

v e l o c i t y  exper iments  . 
i n  t h e  a c c e l e r a t i o n  exper iments  u n l e s s  rea l  u n i t s  are used 

T h i s  q u e s t i o n  cannot  be exp lo red  

f o r  d f / d t .  I f  the hypo thes i s  concern ing  t h e  o r i g i n  of AT 

i s  c o r r e c t ,  t h e n  it can  be assumed t h a t  any f a c t o r  caus ing  

a v a r i a t i o n  i n  the cdpac i t ance  of t h e  aorta would cause a 

v a r i a t i o n  i n  the amount of blood stored i n  t h e  a o r t a  a t  

any i n s t a n t  as compared t o  t h e  amount t h a t  flows r a p i d l y  

on. Th i s  v a r i a t i o n  i n  c a p a c i t a n c e  would a l so  vary t h e  

a b s o l u t e  rates of s t o r a g e ,  and t h e r e f o r e  cou ld  g i v e  a 

c o n s t a n t  b i a s  t o  each experiment  r e s u l t i n g  i n  t h e  a f o r e -  

mentioned s l o p e  var l ia t ion .  

h o t n e r  f a c t o r  which cou ld  be of s i g n i f i c a n c e  cou ld  

be v a r i a t i o n  i n  r e s i s t i v i t y  of t h e  blood from animal  t o  

animal.  This  f a c t o r  w a s  n o t  eva lua ted .  

The importance of  t h i s  s l o p e  v a r i a t i o n  i s  t h a t  it 

p r e c l u d e s  t h e  use  of t h e  method for any th ing  more t h a n  

n o t i n g  r e l a t i v e  changes i n  the  parameters  i n  a g iven  

animal  or man. because of t h e  i n c o n s t a n t  s l o p e ,  it i s  

imposs ib l e  t o  compare r e s t i n g  va lues  of dZ/dt  or d2Z/d t2  

from s u b j e c t  t o  s u b j e c t ,  or t o  a s s i g n  a real  hemodynamic 

va lue  t o  any e lectr ical  impedance value.  This does no t  

o b v i a t e  t h e  p o t e n t i a l  u s e f u l n e s s  of t h e  t e c h n i c  s i n c e  t h e  

d e t e r m i n a t i o n  of r e l a t i v e  changes i s  ext remely  v a l u a b l e  

as p o i n t e d  o u t  above. 
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The las t  q u e s t i o n  t o  be d i s c u s s e d  i s  t h a t  of whether  t h e  

o b s e r v a t i o n s  d e s c r i b e d  above f u r t h e r  o u r  unders tanding  of the  

o r i g i n  arid mechanism of t h e  t h o r a c i c  electrical  impedance 

waveform. Although t h e  expe r imen ta l  f i n d i n g s  are c o n s i s t e n t  

w i t h  t he  h y p o t h e s i s  p r e s e n t e d  p r e v i o u s l y ,  t h e y  do n o t  prove 

i t  conc lus ive ly .  

t h e  impedance d e r i v a t i v e  t o  ao r t i c  mechanics w i l l  r e q u i r e  

exper iments  i n  which i n s t a n t a n e o u s  changes i n  aor t ic  dimen- 

s i o n s  and a o r t i c  p r e s s u r e s  a t  va r ious  l e v e l s  ( such  as done 

by P a t e l  and others (4)  are correlated wi th  t h e  impedance 

changes. The t i m e  d e l a y s  i n  t h e  v a r i o u s  t r a n s d u c e r  system 

w i l l  be cr i t ica l  as will t h e  f requency r e sponses  of t h e s e  

s y s t e m s .  However t h i s  so r t  of expe r imen ta l  c o r r e l a t i o n  

may answer some of the b a s i c  q u e s t i o n s  about  aor t ic  

mechanics and t h e  r e l a t i o n s h i p  of t h e  impedance waveform 

To f u r t h e r  e x p l o r e  t h e  r e l a t i o n s h i p  of 

to 

1. 

2 .  

3 .  

4. 

them t h a t  are otherwise unanswerable. 
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SLCTION 11. Thorac ic  Impedance Change I n d i c a t i o n s  of V e n t r i c u l a r  

Elec t romechanica l  Delay and Myocardial C o n t r a c t i l i t y  

During Rest arid Exe rc i se  

Summary - 
T h e  data ob ta ined  i n  t h i s  s tudy  i n d i c a t e  t h a t  changes 

i n  t n e  time i n t e r v a l  between t h e  R s p i k e  of t h e  ECG and t h e  

o n s e t  of the AZ waveform i n t e r v a l  r e f l e c t  p r i m a r i l y  changes 

i n  the d u r a t i o n  of t h e  i s o m e t r i c  pe r iod  of v e n t r i c u l a r  con- 
2 2 t r a c t i o n ,  and changes i n  peak ( d Z / d t )  and (d  Z /d t  re f lec t  

changes i n  peak ao r t i c  f l o w  v e l o c i t y  and a c c e l e r a t i o n .  The 

e lectr ical  measurements  o b t a i n e d  were c o n s i s t e n t  w i th  t h e  

known p h y s i o l o g i c a l  a l t e r a t i o n s  o c c u r r i n g  du r ing  the expe r i -  

mental  p e r i o d  i n  normal man. 

I n t r o d u c t i o n  - 
The use of t h e  t h o r a c i c  impedance t echn ique  as a po- 

t e n t i a l  i n d i c a t o r  of l e f t  v e n t r i c u l a r  f u n c t i o n  has  been 

exp lo red  i n  t h e  p a s t  r e l a t i v e  t o  t h e  measurement of c a r d i a c  

o u t p u t  ( Chap 1). However t h e  r e l a t i o n s h i p  between the  

e lec t r ica l  e v e n t s  of t h e  h e a r t  (as r e g i s t e r e d  by means of 

the e l e c t r o c a r d i o g r a p h )  and mechanical c a r d i o v a s c u l a r  

e v e n t s  (as r e g i s t e r e d  by the  impedance t echn ique )  have n o t  

been examined. I n  t h e  fo l lowing  s tudy  such a n  e f f o r t  w a s  

made 

Methods - 
Thor?acic impedance changes (AZ) and t h e  t i m e  der iva-  

2 2 t i v e s  of impedance (dZ/dt  and d Z/dt ) were determined 
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i n  t h e  u s u a l  f a s h i o n  on f i v e  normal human v o l u n t e e r s ,  a l l  

of whom were i n  t h e i r  e a r l y  t o  mid t w e n t i e s .  Simultaneous 

e l e c t r o c a r d i o g r a p h  records w e r e  ob ta ined .  Measurements 

were made d u r i n g  f o u r  consecu t ive  p e r i o d s  of t h e  expe r i -  

r. ment: a)  du r ing  sup ine  rest, b) af ter  f i v e  minutes o f  

4S0 feet-down tilt on a s t a n d a r d  tilt t ab le ,  c )  a f t e r  

f i v e  minutes of rest i n  a s i t t i n g  p o s i t i o n  on a b i c y c l e  

ergometer and d )  d u r i n g  a p e r i o d  of e x e r c i s e  a f t e r  t h e  

s u b j e c t  had been p e d a l i n g  for f i v e  minutes on the  b i -  

c y c l e  ergometer  a t  60  c y c l e s  a minute so as t o  do work 

a t  t h e  ra te  o f  1 0 0  w a t t s  p e r  minute. During each p e r i o d  

t h e  (a) h e a r t  ra te ,  (b) t i m e  between t h e  peak of t h e  R 

wave of the  ECG and t h e  beginning  of  t h e  up stroke of 

aZ, as determined by the f i rs t  z e r o  c r o s s i n g  of d Z / d t ,  

(c)  p e a k  magnitude of dZ /d t ,  ( d )  and the peak magnitude 

of d Z/dt  were measured. 

e. 

2 2 

R e s u l t s  - 
The r e su l t s  are surnmarized i n  f i g s .  5-5 through 5-8. 

It can be seen  t h a t  the R s p i k e  t o  AZ i n t e r v a l  i n c r e a s e d  

o v e r  t h e  c o n t r o l  v a l u e s  d u r i n g  t h e  tilt p e r i o d  and t h e  

s i t t i n g  rest and t h e n  decreased s h a r p l y  d u r i n g  the  exer- 

cise p e r i o d ,  

d u r i n g  tilt and s i t t i n g  res t  b u t  i n c r e a s e d  s h a r p l y  i n  

2 
Peak (dZ/d t )  and (d2Z/dt 1 changed l i t t l e  

magnitude d u r i n g  t n e  p e r i o d  of e x e r c i s e ,  
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Discuss ion  - 
A s  no ted  p r e v i o u s l y  i n  t h i s  r e p o r t ,  c a r d i o g e n i c  osci l -  

l a t i o n s  of thoracic impedance are assumed t o  be due p r i -  

mar i ly  t o  changes i n  t h e  volume of t h e  t h o r a c i c  aorta 

(Chap, 4). 

t h e s e  volume changes reflects the  rate of v e n t r i c u l a r  

It would t h e n  appea r  l i k e l y  t h a t  t h e  rate of I* 

i '  

e j e c t i o n .  I t  would also seem l i k e l y  on t h e  basis of ex- 

p e r i m e n t a l  work performed by o t h e r s  (1,2) t h a t  t h e  o n s e t  

of e j e c t i o n  r e l a t i v e  t o  t h e  o n s e t  of electr ical  a c t i v i t y  

i n  t h e  myocardium is  also r e l a t e d  t o  t h e  v i g o r  of cont rac-  

t i o n .  Thus, a heart w i t h  a h igh  degree  of c o n t r a c t i l i t y ,  

whatever  t h e  mechanism, would be expec ted  t o  have a s h o r t e r  

e l ec t romechan ica l  i n t e r v a l  and to  e jec t  blood more r a p i d l y  

(1,2,3,4), 

The e l ec t romechan ica l  i n t e r v a l  as measured i n  these 

experiments  should  reflect  changes i n  both t h e  isometric 

c o n t r a c t i o n  p e r i o d ,  and t h e  i n i t i a l  rate of i n j e c t i o n  of 

blood, Since  w e  are measuring f r o m  an electrical  impe- 

dance even t  rather t h a n  from the  beginning  of the  first 

heart sound, t he  R-AZ i n t e r v a l  would also reflect ,  i n  

p a r t ,  t h e  t r u e  e l ec t romechan ica l  i n t e r v a l ,  There is, 

however, l i t t l e  ev idence  t o  show t h a t  t h e  t r u e  electro- 

mechanical i n t e r v a l ,  i .e. the t i m e  from some p o i n t  on 

the  electrocardiogram t o  t h e  beginning  of t h e  isometric 

c o n t r a c t i o n  p e r i o d ,  v a r i e s  much under p h y s i o l o g i c a l  con- 

d i t i o n s  i n  the  absence of conduct ion d e f e c t s  ( 2 1 ,  It 
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can t h e r e f o r e  be assumed w i t h  some confidence t h a t  changes 

i n  t h e  R-AZ i n t e r v a l  reflects p r i m a r i l y  changes i n  the iso- 

metric p e r i o d  of c o n t r a c t i o n .  

Under c o n t r o l l e d  expe r imen ta l  c o n d i t i o n s  i n  the  dog (1) 

it has been shown t h a t  t h e  isometric p e r i o d  decreases wi th  

i n c r e a s i n g  stroke volume, i n c r e a s i n g  heart rate,  and wi th  

i o n o t r o y i c  s t i m u l a t i o n  of the heart such as d i g i t a l i s  or 

catacholamines.  The isometric pe r iod  has  been shown t o  

i n c r e a s e  (2) w i t h  i n c r e a s e d  mean aor t ic  p r e s s u r e  when 

other v a r i a b l e s  are he ld  cons t an t .  

Under t h e  exper imenta l  c o n d i t i o n s  d e s c r i b e d  above, the  

s t roke volume i s  known t o  vary  i n  the f i rs t  t h r e e  phases ,  -- 
sup ine ,  s i t t i n g  res t ,  and t i l t i n g  i n  a p r o g r e s s i v e l y  de- 

c r e a s i n g  d i r e c t i o n ;  and i n  t h e  l i g h t  of t h e  above d i s c u s s i o n ,  

t h e  R-AZ i n t e rva l .  would be expec ted  t o  p r o g r e s s i v e l y  i n c r e a s e  

as i t  did. 

Uuring e x e r c i s e ,  however, other factors a l s o  come i n t o  

play. Not only  does t h e  stroke volume i n c r e a s e  s i g n i f i c a n t l y  

d u r i n g  s i t t i n g  e x e r c i s e ,  b u t  there i s  also an i n c r e a s e  i n  

heart rate and catacholamine s t i m u l a t i o n  of the heart ,  a l l  

three factors which t e n d  t o  s h o r t e n  the isometric p e r i o d ,  

and such w a s  no ted  i n  these data. 

To summarize, t n i s  phase of t h e  experiment  sugges ted  

t ha t  there w a s  an  i n v e r s e  r e l a t i o n s h i p  between the  d u r a t i o n  

of the R-AZ i n t e r v a l  and cardiac c o n t r a c t i l i t y .  Furthermore 

N 
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t h e  d u r a t i o n  of t h e  R-AZ i n t e r v a l  w a s  comparable t o  similar 

i n t e r v a l s  determined by o t h e r  i n v e s t i g a t o r s  u s i n g  t h e  phono- 

card iogram and e x t e r n a l l y  monitored c a r o t i d  p u l s e  wave ( 2  1. 
2 2 The a l t e r a t i o n s  of dZ/dt  and d Z/dt  w e r e  also con- 

s i s t e n t  w i th  t h e  known p h y s i o l o g i c a l  changes o c c u r r i n g  

a u r i n g  t h e  expe r imen ta l  p e r i o d s  (3 ,4) .  I t  i s  known t h a t  
0. 

peak aor t ic  flow v e l o c i t y  and a c c e l e r a t i o n  i n c r e a s e  wi th  

i n c r e a s i n g  s t r o k e  volume and i o n o t r o p i c  s t i m u l a t i o n  of t h e  
c 

h e a r t  (3,4). It would be expec ted  t h a t  i f  peak (dZ/d t )  
2 2 and ( d  Z / d t  1 ref lect  changes i n  t h e  peak v e l o c i t y  and  

a c c e l e r a t i o n  o f  ao r t i c  blood f l o w ,  t h e n  t h e y  s h o u l d  vary 

a p p r o p r i a t e l y  w i t h  t h e  expe r imen ta l  man ipu la t ions ,  as 

i n d i c a t e d  by t h e  d a t a  shown i n  f i g .  5-8. The r ise  i n  

magnitude of t h e  d e r i v a t i v e s  d u r i n g  e x e r c i s e  may t h e r e -  

fore g ive  a measure of t h e  i n c r e a s e  i n  c o n t r a c t i l i t y  of 

the 

1. 

2. 

3 .  

4. 

myocardium t h a t  occu r red  d u r i n g  t h i s  p e r i o d .  
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SECTION 111. Investigation into the Use of Thoracic Impedance 

Techniques to Monitor Changes in Total Pulmonary Blood Volume 

Summary - 
Animal experiments have been carried out to assess the 

possibility of measuring shifts in mean pulmonary blood vol- 

ume by monitoring changes in the total intrathoracic impedance 

Zo between band electrodes around the neck and abdomen. 

ventricular output was controlled in anesthetized dogs by a 

balloon catheter in the left atrium and pulsatile blood volume 

input into the pulmonary circulation was monitored by an elec- 

tromagnetic flowprobe placed around the main pulmonary artery. 

Results indicated that it is not feasible to monitor separately 

by impedance plethysmographic techniques the blood volume 

changes of the pulmonary-vascular bed since the Zo signal ap- 

parently represents changes in total thoracic blood volume. 

Left 

Introduction - 
Early investigationsainto the origin of intrathoracic im- 

pedance variations (monitored by a four-band electrode config- 

uration) had suggested that the major concentration of excita- 

tion current into the thorax would probably be found in the 

lungs (1). Based on these and other related observations the 

prevailing hypothesis was that the impedance variations seen 

across the chest were due to temporal changes in pulmonary blood 

volume. 

were a l so  observed with postural changes from upright to supine 

Decreases in the total impedance, Zo, of the thorax 
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sugges t ing  t h a t  changes i n  Zo might r e p r e s e n t  changes i n  t o t a l  

pulmonary blood volume. A series of animal  experiments  w a s  

carried o u t  t o  e v a l u a t e  t h e  p r o b a b i l i t y  of moni tor ing  pulmon- 

a r y  blood volume s h i f t s  by measuring changes i n  Zoo R e s u l t s  

i n d i c a t e  t h a t  it i s  n o t  feasible  t o  s e p a r a t e  i n t r a  and e x t r a  

pulmonary blood volume change components conta ined  i n  t h e  Zo 

s i g n a l .  

V 

i.’ 

Methods and R e s u l t s  - 
Elec t romagnet ic  flowmeter probes were a c u t e l y  p laced  about  

t h e  main pulmonary a r t e r y  and the ascending  aorta of a n e t h e t i z e d  

dogs.  A ba l loon  catheter w a s  a lso p laced  i n  t he  l e f t  a t r ium 

as described i n  Chapter  Four. It  w a s  assumed t h a t  when t h e  

l e f t  a t r i a l  b a l l o o n  w a s  i n f l a t e d  fo r  a r e l a t i v e l y  short pe r iod  

of t i m e  blood would c o n t i n u e  t o  be pumped i n t o  t h e  lungs  by 

t h e  r i g h t  v e n t r i c l e  and t h e  venous r e t u r n  t o  t h e  r i g h t  side of 

the c i r c u l a t i o n  would c o n t i n u e .  It  appeared p o s s i b l e  t h a t  t h i s  

exper imenta l  s i t u a t i o n  might allow the  measurement of s h i f t s  

o f  blood i n t o  t h e  pulmonary c i r c u l a t i o n  from t h e  sys temic  cir-  

c u l a t i o n  by t h e  impedance t echn ique  and could  be compared w i t h  

t h e  q u a n t i t a t i v e  va lues  ob ta ined  from the  pulmonary a r t e r y  

flow probe. 

The r e s u l t s  of these exper iments  show t h a t  t h e  t h o r a c i c  

impedance tended t o  i n c r e a s e  fo l lowing  b a l l o o n  i n f l a t i o n  i n  

t he  l e f t  a t r i u m ,  sugges t ing  t ha t  s h i f t s  of blood o u t  of the 

t h o r a x ,  as t h e  blood l e f t  t h e  l e f t  v e n t r i c l e ,  aorta,  and 
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t h o r a c i c  w a l l  v e s s e l s ,  were more e f f e c t i v e  i n  changing t h o r -  

acic impedance t h a n  t h e  presumed in f low of blood which con- 

t i n u e d  i n t o  t h e  lungs  and r i g h t  h e a r t  and g r e a t  v e i n s .  The 

d a t a  i n d i c a t e  t h a t  t h e  va lue  Zo i s  a f u n c t i o n  of m u l t i p l e  

factors and t h a t  blood volume changes i n  t h e  pulmonary vas- 

c u l a r  bed probably  cannot  be s e p a r a t e l y  determined.  

Discuss ion  

The b a s i s  for  t h i s  experiment w a s  planned around a 

hypo thes i s  t h a t  t h e  primary impedance waveforms r e f l e c t e d  

p r i m a r i l y  changes i n  pulmonary v a s c u l a r  blood volume. Sub- 

sequent  work, Chapter  Four,  has  i n d i c a t e d  t h a t  t h i s  i n i -  

t i a l  hypo thes i s  w a s  i n c o r r e c t  and t h a t  t h e  impedance var -  

i a t i o n  observed a c r o s s  t h e  c h e s t  o r i g i n a t e s  from changes 

i n  sys temic  c i r c u l a t i o n  and i t s  pr imary de terminant  is 

most probably aor t ic  volume change. However t h e  t o t a l  i m -  

pedance, o r  Zo of t h e  t h o r a x ,  should ref lect  changes i n  t h e  

t o t a l  volume of  blood con ta ined  between t h e  sampling elec- 

t r o d e s .  The re fo re  changes i n  Zo i n  a d e c r e a s i n g  d i r e c t i o n  

should  i n d i c a t e  i n c r e a s i n g  blood volume w i t h i n  t h e  tho rax .  

Unfo r tuna te ly ,  however, as i n d i c a t e d  t h e  e l e c t r o d e s  do n o t  

on ly  see t h e  pulmonary c i r c u l a t i o n  bu t  a l s o  t h e  e n t i r e  t h o r -  

acic sys temic  c i r c u l a t i o n  i n c l u d i n g  t h e  t h o r a c i c  w a l l  and 

g r e a t  v e s s e l  blood volumes. This  be ing  t h e  case, Zo may 

i n d i c a t e  s h i f t s  i n  blood volume i n  and o u t  of t h e  tho rax  

b u t  p a r t i t i o n  of such blood volumes i n t o  i n t r a  and e x t r a  
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pulmonary components i s  n o t  feasible.  

Another problem i n  e s t i m a t i n g  pulmonary blood volume 

changes arises i n  t h a t  Zo i s  also s t r o n g l y  in f luenced  by 

t h e  state o f  t h e  i n f l a t i o n  o f  the  lungs  and the  h e i g h t  of 

t he  diaphragm w i t h  t he  g r e a t e r  lung  i n f l a t i o n  be ing  asso- 
w 

7. ciated wi th  t h e  h i g h e r  impedance. R e s p i r a t o r y  s h i f t s  i n  t h e  

impedance magnitude are so g r e a t  r e l a t i v e  t o  t h e  blood vol -  

ume induced changes i n  impedance t h a t  t h e y  comple te ly  dwarf 

t he  l a t te r .  Although A Z ,  t h e  p u l s a t i l e  thoracic impedance 

change, t e n d s  t o  r e t a i n  a r e l a t i v e l y  c o n s t a n t  magnitude a t  

s e v e r a l  l e v e l s  of lung  i n f l a t i o n  and t h e r e f o r e  i t s  deter- 

mina t ion  d u r i n g  e x p i r a t o r y  apnea is n o t  c r i t i c a l l y  affected 

by t h e  lung  volume change, t h e  magnitude of Zo is  a f f e c t e d .  

For t h i s  r e a s o n  t r a n s i e n t  changes i n  blood volume of t h e  

t h o r a x  would have t o  be s t u d i e d  du r ing  t h e  pe r iod  of  one 

e x p i r a t o r y  c o n d i t i o n  or e x a c t  changes i n  t h e  lung  volume 

would have t o  be monitored and c o n t r o l l e d  du r ing  such deter- 

mina t ions .  

Should there  be an  i n t e r e s t  i n  pursu ing  t h e  problem of 

q u a l i t a t i v e l y  or s e m i - q u a n t i t a t i v e l y  a s s e s s i n g  s h i f t s  o f  

blood i n t o  t h e  t h o r a x  f r o m  t he  body as opposed t o  i n t o  the 

pulmonary c i r c u l a t i o n ,  and i f  some e f for t  were made t o  keep 

t h e  lung  volume c o n s t a n t  from d e t e r m i n a t i o n  t o  determina-  

t i o n ,  t h e  t echn ique  might be f e a s i b l e  for making such measure- 

ments. 
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SECTION I V  Simultaneous Monitoring of R e s p i r a t i o n  and Card iac  

Output w i th  a S i n g l e  Impedance Measuring System 

Summary - 
An electrode c o n f i g u r a t i o n  has  been found which w i l l  a l l ow 

s imul taneous  moni tor ing  of impedance cardiac o u t p u t  and r e s p i r -  

a t i o n  rate from one e l e c t r o n i c  system. The cardiac o u t p u t  f o u r  

band c o n f i g u r a t i o n  has remained unmodified while  a s i n g l e  EGG 

7’ 

- 

s p o t  e l e c t r o d e  has  been added on t h e  l e f t  m i d  a x i l l a r y  l i n e  a t  

the n i p p l e  l e v e l  t o  o b t a i n  r e s p i r a t i o n  s i g n a l s .  The cardiac 

o u t p u t - r e s p i r a t i o n  rate system r e q u i r e s  on ly  t he  t h o r a c i c  1 0 0  

kHz c u r r e n t  e x c i t a t i o n  from the  o r i g i n a l  impedance card iograph  

system. The cardiac o u t p u t  s i g n a l  is ob ta ined  i n  t h e  u s u a l  

manner from band electrodes 2 and 3 whi le  t h e  r e s p i r a t i o n  ra te  

s i g n a l  can  be ob ta ined  from the  impedance changes o c c u r r i n g  

between t h e  s p o t  electrode and band 3 w i t h  s ens ing  e l e c t r o n i c s  

i d e n t i c a l  t o  t h e  cardiac o u t p u t  system. 

A 1 0  p e r c e n t  change i n  t h e  s ta t ic  impedance between the 

s p o t  e l e c t r o d e  and band 3 has been noted  f o r  a one l i t e r  vol-  

ume i n s p i r a t i o n .  The r e s i d u a l  c a r d i o g e n i c  impedance change 

between band 3 and t h e  s p o t  e l e c t r o d e  w a s  found t o  be only  5 

pe rcen t  of t he  impedance change r e s u l t i n g  from a one l i t e r  

i n s p i r a t i o n .  Equiva len t  s i g n a l s  were found w i t h  t h o r a c i c  and 

d iaphragmat ic  i n s p i r a t i o n  of one l i t e r  and a l i n e a r  r e l a t i o n -  

s h i p  between i n s p i r e d  air  volume and the r e s p i r a t i o n  impedance 

change s i g n a l  was noted f o r  bo th  thoracic and diaphragmatic  

b r e a t h i n g .  The l a t t e r  characterist ic may a l low monitor ing 
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of t i d a l  volumes du r ing  i n f l i g h t  c o n d i t i o n s  by c a l i b r a t i o n  

of t h e  s u b j e c t  du r ing  p r e f l i g h t  o p e r a t i o n s .  

I n t r o d u c t i o n  - 
Impedance plethysmographic  t echn iques  for monitor ing 

r e s p i r a t i o n  rates have been used by t h e  NASA (1) and o t h e r s  

i n  t h e  p a s t  and employ e s s e n t i a l l y  t h e  same b a s i c  hardware 

t h a t  i s  used i n  e s t i m a t i n g  c a r d i a c  o u t p u t  by impedance 

methods. It may be d e s i r a b l e  t o  monitor  bo th  r e s p i r a t i o n  

ra te  and c a r d i a c  o u t p u t  s imul t aneous ly  b u t  e x i s t i n g  methods 

would r e q u i r e  two s e p a r a t e  plethysmographs o p e r a t i n g  a t  

d i f f e r e n t  e x c i t a t i o n  f r e q u e n c i e s  and two s e p a r a t e  e l e c t r o d e  

systems.  The purpose of  t h e  p i l o t  s tudy  desc r ibed  h e r e  w a s  

t o  d e t e r m i n e  t h e  f e a s i b i l i t y  of o b t a i n i n g  both r e s p i r a t i o n  

ra te  and c a r d i a c  o u t p u t  d a t a  from a s i n g l e  e l e c t r o d e  conf ig-  

u r a t i o n  us ing  t h e  t h o r a c i c  c u r r e n t  e x c i t a t i o n  of t h e  c a r d i a c  

o u t p u t  system. S ince  development o f  t h e  e l e c t r o n i c s  f o r  

such a system would on ly  invo lve  a m o d i f i c a t i o n  of e x i s t i n g  

impedance cardiac ou tpu t  e l e c t r o n i c s ,  t h e  major e f f o r t  has  

been d i r e c t e d  toward t h e  e s t ab l i shmen t  o f  an e l e c t r o d e  system 

which would y i e l d  s u i t a b l e  s i g n a l s  f o r  r e s p i r a t i o n  

s imul taneous ly  moni tor ing  c a r d i a c  ou tpu t .  R e s u l t s  

t h a t  a s u i t a b l e  r e s p i r a t i o n  s i g n a l  can be ob ta ined  

wide range  of t i d a l  volumes by t h e  a d d i t i o n  of a s 

e l e c t r o d e  t o  t h e  f o u r  band e l e c t r o d e  c o n f i g u r a t i o n  

ra te  whi le  

i n d i c a t e  

ove r  a 

n g l e  spot 

(desc r ibed  

i n  Chapter One, S e c t i o n  I)  of  t h e  impedance c a r d i a c  ou tpu t  

system. 
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Methods and Materials - 
The fo l lowing  cr i ter ia  were e s t a b l i s h e d  as necessary  for 

o b t a i n i n g  r e l i a b l e  and r e p e a t a b l e  r e s p i r a t i o n  rate and cardiac 

o u t p u t  s i g n a l s  when the  thorax w a s  e x c i t e d  by t h e  100 kHz car- 

. disc o u t p u t  electrode system: 

1. The electrode system f o r  o b t a i n i n g  r e s p i r a t i o n  r a t e  should 
i n  no way affect t h e  cardiac o u t p u t  measurements. I d e a l l y  
r e s p i r a t i o n  s i g n a l s  would be ob ta ined  from t h e  c a r d i a c  
o u t p u t  e l e c t r o d e s .  

2 .  The  p e r c e n t  thoracic impedance change due t o  r e s p i r a t i o n  
should  be l a r g e  enough t o  ensu re  t h e  a c c u r a t e  moni tor ing  
of r e s p i r a t i o n  rate w i t h  very  shallow b r e a t h i n g .  T h i s  
was a problem of  e l e c t r o d e  placement no t  simply ampl i fy ing  
a s m a l l  s i g n a l .  

3 .  The r e s p i r a t i o n  s i g n a l  should be re l iab le  f o r  both abdominal 
and thoracic b r e a t h i n g  p a t t e r n s .  

The f irst  approach t aken  i n  t h i s  s t u d y  was t o  determine 

i f  a c c e p t a b l e  t h o r a c i c  impedance changes due t o  r e s p i r a t i o n  

could be ob ta ined  from t h e  s i g n a l  s ens ing  bands of the f o u r  

band cardiac o u t p u t  e l e c t r o d e s .  If s u i t a b l e  s i g n a l s  could not  

be ob ta ined  from t h e  cardiac o u t p u t  s i g n a l  s ens ing  electrodes 

a m o d i f i c a t i o n  of t h i s  c o n f i g u r a t i o n  c o n s i s t i n g  of one addi- 

t i o n a l  s p o t  electrode would be examined. The s p o t  electrode 

was selected s i n c e  any l a r g e  s u r f a c e  area electrode would pro-  

duce a n  e q u a l  p o t e n t i a l  s u r f a c e  on the  t h o r a x  of s u f f i c i e n t  

area t o  a l t e r  cardiac o u t p u t  measurements. 

e l e c t r o d e  selected €or this s tudy  w a s  t h a t  which w a s  employed 

by t h e  NASA t o  monitor  t h e  e l ec t roca rd iog ram under i n f l i g h t  

The type  of s p o t  

c o n d i t i o n s .  
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R e s u l t s  and Discuss ion  - 
Observa t ions  of t h e  r e s p i r a t i o n  s i g n a l  ob ta ined  from the  

f o u r  band c a r d i a c  o u t p u t  e l e c t r o d e s  i n d i c a t e d  t h a t  t h e  major 

impedance change seen  w i t h  t h i s  e l e c t r o d e  system w a s  due t o  

t h e  c a r d i a c  s i g n a l  when t h e  s u b j e c t  w a s  a t  res t  or t a k i n g  

sha l low b r e a t h s .  Typ ica l  t r a c i n g s  are shown i n  f i g .  5-9a. 

The r e s p i r a t i o n  s i g n a l  h a s  a pe r iod  of  approximately 4 sec- 

onds b u t  t h e  c a r d i a c  s i g n a l  superimposed upon t h e  slower 

r e s p i r a t i o n  s i g n a l  makes it d i f f i c u l t  t o  e v a l u a t e  the  l a t t e r  

s i n c e  t h e r e  i s  o n l y  a f a c t o r  of t w o  d i f f e r e n c e  i n  ampli tude.  

BAND - BAND ELECTRODE 
I NORMAL RESPIRATION 

I ' S E G  
I I I I 1  I I 
0 30 

(a1 

ONE LITER 
INSPIRATION 

OL30 

- 
SEC. 

w 
0 30 

(b) 

Fig. 5-9 R e s p i r a t i o n  s i g n a l s  from impedance cardiac o u t p u t  
e l e c t r o d e  bands 2 t o  3 

Attempts t o  f i l t e r  o u t  a s i g n a l  due t o  r e s p i r a t i o n  i n d i c a t e d  

t h a t  such a f i l t e r i n g  t echn ique  would n o t  be s a t i s f a c t o r y  

s i n c e  t h e r e  is  an  o v e r l a p  of f requency components of t h e  
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r e s p i r a t i o n  and c a r d i a c  s i g n a l s .  With the  f i l t e r  pass ing  o n l y  

f r e q u e n c i e s  w e l l  below t h e  fundamental  c a r d i a c  f requency ,  t h e  

impedance r e s p i r a t i o n  s i g n a l  w a s  no t  re l iable  f o r  r a p i d  

b r e a t h i n g  rates. F ig ,  5-9b shows t h e  r e s u l t s  when t h e  s u b j e c t  

i n s p i r e d  one l i t e r  of a i r .  It  can  be seen  t h a t  t h e  r e s p i r a -  9. 

t i o n  s i g n a l  c o n t a i n s  a s i g n i f i c a n t  r i p p l e  due t o  t h e  c a r d i o -  

g e n i c  impedance changes. 

S ince  it w a s  appa ren t  t h a t  a c c e p t a b l e  r e s p i r a t i o n  s i g n a l s  

could  n o t  be ob ta ined  f r o m  t h e  cardiac s i g n a l  s e n s i n g  elec- 

t r o d e s ,  t he  s p o t  electrode c o n f i g u r a t i o n  w a s  explored .  The 

s p o t  e l e c t r o d e  w a s  p l aced  on t h e  m i d - a x i l l a r y  l i n e  a t  t h e  

n i p p l e  l e v e l  and the  thoracic impedance changes were moni tored  

between t h e  s p o t  electrode and band e l e c t r o d e  3 .  Fig.  5-10 is 

t y p i c a l  of t h e  r e s p i r a t i o n  s i g n a l  ob ta ined  from the  s p o t  elec- 

t r o d e  t o  band 3 when t h e  s p o t  e l e c t r o d e  was p laced  on the  l e f t  

side under t h e  a r m  a t  t h e  l e v e l  of t h e  n i p p l e .  Basic impedance 

between t h e  s p o t  e l e c t r o d e  and band 3 w a s  4 . 7  ohms and .1 ohm 

s t e p s  are i n d i c a t e d  on t h e  r e c o r d .  S i m i l a r  r e s u l t s  ( f i g .  5-11) 

were observed when t h e  s p o t  e l e c t r o d e  w a s  p l aced  on the r i g h t  

s ide under t h e  a r m  a t  t h e  n i p p l e  l e v e l .  

impedance between the  electrodes w a s  approximately 1 0  pe rcen t  

The p e r c e n t  change i n  

for one l i t e r  a i r  volume i n t a k e ;  a t y p i c a l  v a l u e  w a s  . 5  ohm 

change o u t  of a t o t a l  impedance of 5 ohms f o r  one l i t e r  a i r  

i n t a k e .  The impedance change s i g n a l  f o r  the  s p o t  t o  band 

e l e c t r o d e  c o n f i g u r a t i o n  w a s  p r i m a r i l y  due t o  r e s p i r a t i o n  and 

was c h a r a c t e r i z e d  by about  a 5 p e r c e n t  r i p p l e  due t o  t h e  car- 

diac c y c l e  f o r  an  impedance change cor responding  t o  one l i t e r  

a i r  i n t a k e .  

I d 
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LEFT SPOT - BAND ELECTRODE 
NORMAL RESPIRATION 

I 
1 1 1 1 1 1 1 1  
0 20 

SEC. 

(a) 

ONE LITER INSPIRATION 

Fig. 5-10 Respiration sig- 
nals from spot electrode on 
left mid-axillary line at 
nipple level to band 3 

RIGHT SPOT - BAND ELECTRODE 
NORMAL RESPIRATION I 

ONE LITER INSPIRATION 

0.m - - 

Fig. 5-11 Respiration sig- 
nal from spot electrode on 
right mid-axillary line at 
nipple level to band 3 

Measurement values using the spot-band electrode config- 

uration were repeatable on a given subject and were approxi- 

mately the same magnitude fo r  two different subjects. Very 

little signal difference was noted when a subject breathed 

abdominally or thoracically. Fig. 5-12 shows the difference 

between a diaphragmatic breath of one liter of air and a 

thoracic breath of one liter of air. 
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ONE LITER INSPIRATION 

THORACIC DIAPHRAGMATIC 

7 BREATH 

SEC SEC. -- 
0 20 0 20 

Fig. 5-12 Comparison of t h o r a c i c  and d iaphragmat ic  b r e a t h ,  
l e f t  s p o t  t o  band 3 

One a d d i t i o n a l  characterist ic of t h e  s p o t  t o  band res- 

p i r a t i o n  impedance s i g n a l  t h a t  may provide  a basis for f u t u r e  

i n v e s t i g a t i o n  i s  t h a t  t h e  ampl i tude  of t h e  impedance change 

noted  between the s p o t  electrode and band 3 appeared t o  be 

l i n e a r i l y  related t o  i n s p i r e d  a i r  volume. 

l i m i t e d  d a t a ,  t h e  p o s s i b i l i t y  of c a l i b r a t i n g  t h e  impedance 

s i g n a l  w i t h  i n s p i r e d  a i r  volume t o  g i v e  t i d a l  volume v a l u e s  

does e x i s t .  High p r e c i s i o n  probably could n o t  be achieved 

b u t  for some purposes  r e c o r d i n g  of t i d a l  volume under t h e s e  

c i rcumstances  may be of value.  For example, d u r i n g  p e r i o d s  

of a n x i e t y  or o t h e r  stress t h i s  system probably  could d e t e c t  

dangerous h y p e r v e n t i l a t i o n .  Fig.  5-13 shows t h e  r e l a t i o n s h i p  

between i n s p i r e d  a i r  volume and impedance measured between t h e  

s p o t  e l e c t r o d e  and band 3 .  

Although t h e r e  are 

T h i s  record was ob ta ined  by 
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W 
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TIDAL VOLUME: c c  

Fig .  5-13 Continuous r e s p i r a t i o n ,  l e f t  s p o t  t o  band 3 

p l o t t i n g  t h e  o u t p u t  of t h e  plethysmograph a g a i n s t  t h e  o u t p u t  

of a Wedge Sp i romete r ,  (Med Sc ience  I n c . ) ,  on a n  XY p l o t t e r .  

The g raph  shows con t inuous  i n s p i r a t i o n  and e x p i r a t i o n  ove r  

s e v e r a l  r e s p i r a t o r y  c y c l e s .  S i m i l a r  r e s u l t s  were o b t a i n e d  

when d iaphragmat i c  b r e a t h i n g  w a s  compared w i t h  t h o r a c i c  

b r e a t h i n g  i n  t h a t  t h e y  bo th  i n d i c a t e d  a l i n e a r  r e l a t i o n s h i p  

between i n s p i r e d  volume and impedance change,  L inea r  re la-  

t i o n s h i p s  between t r a n s t h o r a c i c  impedance and i n s p i r e d  a i r  

volume have been r e p o r t e d  by o t h e r  i n v e s t i g a t o r s .  Hamilton, 

Beard and Kory ( 2 )  have shown a l i n e a r  r e l a t i o n s h i p  u s i n g  
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6 . 2 5  x 1 . 2 5  c m  electrodes p laced  on each m i d - a x i l l a r y  l i n e  

and coupled t o  a two e l e c t r o d e  impedance plethysmograph. 

Although l i n e a r  r e l a t i o n s h i p s  were o b t a i n e d  wi th  t h e i r  elec- 

trode c o n f i g u r a t i o n s  it i s  f e l t  t h a t  t h e  spot electrode 

* c o n f i g u r a t i o n  h a s  t h e  d i s t i n c t  advantage of be ing  less 

cumbersome s i n c e  t h e  band electrode does n o t  i n h i b i t  motion 

by the  s u b j e c t  and the s p o t  electrode d e f i n i t e l y  does no t  

i n t e r f e r e  w i t h  t h e  s u b s e c t ' s  motions.  

v 
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CHAPTER SIX 

THE RESPONSE TO 70° PASSIVE TILT IN NORMAL HUMAN SUBJECTS 
USING IMPEDANCE PLETHYSMOGRAPHIC TECHNIQUES FOR 

MONITORING CARDIAC OUTPUT CHANGES 

Summary - 

A study was undertaken to evaluate the usefulness of the 
* 

impedance plethysmographic method to measure cardiac output 

during 70° upright tilt. The experiment was performed using 

a protocol similar to the one the NASA uses in the evaluation 

of the cardiovascular system of the astronauts. Along with 

the cardiac output and stroke volume measured by impedance 

plethysmography, the blood pressure and pulse rate were re- 

corded. Total peripheral resistance was calculated from the 

blood pressure and cardiac output values. The study was con- 

ducted on ten normal males without the use of any intravascular 

instrumentation. 

as 

1. 

2. 

3 .  

4. 

5 .  

The results of these studies showed the response to tilt 

follows: 

An increase in pulse rate 

An increase in diastolic blood pressure and a small decrease 

in systolic pressure 

Cardiac output decreased except for a transient increase 

at about ten minutes of tilt. 

Stroke volume decreased 

Total peripheral resistance increased 

The results of these studies compare favorably with the 



Chap. 6 1 3 5  

results of other investigators using other methods f o r  de- 

termining cardiac output. Therefore the impedance method 

appears to be a reliable means for measuring changes in 

cardiac output. 

"B Methods - 

A total of twelve paid volunteers, University of Minnesota 

students, participated in this study. They ranged in age from 

1 7  to 2 3  years, in weight from 104 to 178 pounds and in height 

from 6 3  to 7 5  inches. All participants were, at the time of 

the experiment, in good health and in no instance was a past 

history of fainting, serious illness or serious injury reported. 

Their responses were observed during a 2 0  minute, 70° 

upright tilt while suspended from the hips on a padded motor- 

cycle seat mounted on a Preston tilt table. 

all experiments were done between 8 : O O  A.M. and 12:OO noon, 

three days in succession. The first day was an orientation 

while the last two days were experimental trials. All reported 

With one exception 

data were from the last two days with the exception of subject 3 

where three trials are reported and in cases of syncope during 

the orientation run. 

During orientation, the participant was familiarized with 

the apparatus and the tile procedure, personal adjustments 

f o r  maximum seat comfort, safety belt position and tightness, 

and electrode position were made. 

all adjustments were repeated as nearly as possible. 

On succeeding experiments 

In an attempt to standardize conditions several variables 
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were eliminated. Room temperature wa$ held constant at 7 4 O * l o F .  

All unnecessary noise and talking was eliminated. Subjects 

were requested to get a good night's rest prior to the ex- 

periment and to refrain from a heavy breakfast, use of tobacco 

and coffee on the morning of the experiment. All subjects wQre 
9 

loose fitting scrub trousers during the experiment. 

The protocol of each tilt was as follows: 

Minute Position Record Number 

0-1 

5-6 

6-25 

25-26 

30-31  

Supine 
11 

11 

11 

tilt in progress 

1 

2 

Rest 

3 

31-32 70° tilt 4 

36-37 

41-42 

46-47 

8 I1 5 0 - 5 1  

51-52 tilt down in progress 

52-53 

57-58 

supine 
11 

9 

10 

11 11 62-63  

At the beginning of each reading, a cardiac output determination 

was taken followed by a blood pressure reading. During tilt, 

subjects were asked to be as relaxed as possible and not to 

move their legs or to talk unless absolutely necessary. 
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All instrumentation used in the experiment was non-traumatic 

to the subject. Blood pressure was recorded by the ausculatory 

method using a standard clinical cuff with an aneroid gauge. 

Heart sounds were recorded throughout all readings using a 

Beckman phonotransducer taped externally near the left third 

intercostal space. Electrodes f o r  relative cardiac output de- 

terminations were the standard conductive Velcro bands developed 

* 

? 

in this laboratory and coated with Translyte* electrode paste. 

(See Methods Chapter 1, Section I). 

All data were recorded on a two channel Sanborn recorder 

model 2 9 6 .  Stroke volume and cardiac output were determined 

using the impedance plethysmograph method described in Chapter 

One. Heart rate was determined by measuring the distance between 

success,ive impedance waveforms on calibrated recording paper 

which was demonstrated to be running at a constant speed of 

50 mm per second. Total peripheral resistance was calculated 

using the formula: 

T.P.R. = [1/3 (syst. press - diast. press)] + Diast. Press 
Cardiac Output 

For purposes of graphing, all data except heart rate and blood 

pressure were normalized using the 2 6  minute reading as baseline 

(100%). 

Results - 
The following results refer to the mean changes observed 

on subjects during tilt. 

*Medtronic Inc., Minneapolis, Minnesota 



Chap. 6 138 

The mean heart rate showed an immediate increase of 8 beats 

per minute upon tilting followed by a progressive increase 

throughout tilt reaching a maximum of 19 beats per minute. 

The most characteristic change in blood pressure was a 

progressive increase of diastolic pressure reaching a maximum 

of 20 mm Hg above baseline just prior to tilt down. Mean 

systolic pressure showed a slight decrease from baseline during 

tilt which remained fairly constant except for a slight rise 

just prior to tilt down. 

Cardiac output tended to decrease upon tilt to about 

70 percent of baseline and remained fairly constant until tilt 

down except for a transient increase at 10 minutes of tilt. 

Following tilt down it returned to slightly less than baseline 

values. 

Stroke volume tended to decrease to about 65 percent of 

baseline immediately after tilt followed by a further progressive 

decrease reaching a maximum decrease of 50 percent prior to 

tilt down. 

Total peripheral resistance increased to approximately 

140 percent of baseline upon tilt and increased progressively 

to 180 percent before tilt down except for a transient decrease 

at the 10 minute reading. 

Fig. 6-1 is the mean response of ten individuals completing 

a total of 19 tilts without syncopal reactions. 

c 9 ?i 
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Fig. 6-1 

The following graphs (figs. 6-2 to 6-11) illustrate the 

individual responses of ten subjects completing nineteen 

7 0 ° ,  20 minute tilt experiments without syncopal reactions. 

On a l l  graphs the solid lines and X data points represent the 

first experimental run and the dashed lines and circle data 

points the second. The only exception to the above is sub- 

ject number three who was unable to complete the second tilt 

due to syncopal symptoms. 
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SUBJECT NO. 3 

RESPONSE TO TILTING 
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F i g .  6-5 
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SUBJECT NO. 5 

RESPONSE TO TILTING 

Fig. 6-6 
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With three of the participants, syncopal reactions to 

tilt were observed. 

(pallor, sweating, nausea, and dizziness) recordings were 

taken followed by tilt down prior to actual syncope. The 

At the onset of syncopal symptoms 

following explanations and graphs depict individuals who 

experienced the above reactions, 

Fig. 6-12 illustrates two presyncopal responses of sub- 

ject three. This subject had previously tolerated a complete 

20 minute tilt (fig. 6-41.  Due to scheduling problems both 

experimental runs that resulted in syncopal reactions took 

place at times other than the normal 8:OO a.m. to 12:OO noon 

time period set fourth in the protocol. The solid lines are 

plots of data obtained at 6 : 3 0  a.m. while the dashed lines are 

plots of data obtained at 1:30 p.m. 

SUBJECT NO. 3 

RESPONSE TO TILTING 

g 
W 

a a 

MINUTES 

Fig. 6-12 
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To avoid a complete syncopal reaction during the 6:30 a.m. 

experiment, which at the time seemed imminent, blood pressure 

reading was omitted and tilt down began immediately after 

the 47 minute reading (15-16 minutes of tilt). The 47 minute 

reading showed a slight rise in cardiac output, a slight 

decrease in stroke volume, and a large increase in pulse 

rate. During tilt down further recordings were attemp?ed 

as indicated on the graphs by circle data points at minute 48. 

Reference to those values show a slight increase in cardiac 

output, a marked increase in stroke volume, and a large de- 

crease in heart rate. Following tilt down one extra reading 

was taken prior to the regular 53 minute reading. That 

reading indicated that the subject was beginning to assume 

the normal values of the supine position. 

The second presyncopal reaction of subject three (dashed 

line on fig. 6-12) occurred at the 47 minute reading. Following 

the cardiac output recording and while his blood pressure was 

being taken, the subject first complained of presyncopal symp- 

toms. The 47 minute reading showed a slight rise in cardiac 

output, a marked decrease in systolic blood pressure, a great 

increase in heart rate, a decrease in stroke volume, and a 

substantial decrease in total peripheral resistance. Prior to 

tilt down another reliable recording of cardiac output was ob- 

tained omitting only the blood pressure reading. This latter 

recording, indicated by X data points at minute 48, showed 

cardiac output and stroke volume to rise substantially while 
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the pulse rate declined. 

turned to normal supine values. 

Following tilt down the subject re- 

Fig. 6-13 depicts the syncopal reaction of subject six 

which occurred during his orientation run. Following the 3 7  

minute recording ( 5 - 6  minutes tilt), syncopal symptoms were 

experienced. Prior to tilt down another recording at minute 

SUBJECT N0.6 

RESPONSE TO TILTING 

0 10 20 30 40 50 60 
MINUTES 

w 

a 701 

1 
I 

0 10 20 30 40 50 60 
MINUTES 

0 10 20 30 40 50 60 
MINUTES 

'? id 26 min. value 

Fig. 6-13 

3 8  was obtained. This final reading showed marked increases in 

cardiac output and stroke volume while pulse rate declined 

slightly. Furthermore, a large reduction of both systolic 

and diastolic blood pressure components was noted. The sub- 

ject was then tilted down and the experiment was terminated 
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after normal supine values were reached. In our estimation, 

this subject appeared to be nearer actual syncope than any 

other subject . 
Like subject six, subject nine showed early syncopal 

symptoms during his orientation; fig. 6-14 illustrates his 

response. Just before the 42 minute recording (10 minutes 

tilt) was to be taken, the subject complained of nausea and 

dizziness. The regular 42 minute ratings were taken followed 

* *  

SUBJECT N0.9 

RESPONSE TO TILTING 
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4 a 
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m 
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I 
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so 4 p 
I 
I 

I 
I 
I 
I 

0 10 20 30 40 SO 60 

MINUTES 

'Z ol 26 men value 

Fig. 6-14 

by tilt down. At this reading cardiac output, stroke volume, 

and pulse rate all increased. Systolic blood pressure showed 

a marked decline while a diastolic reading was not obtained. 

The subject was tilted down and the experiment terminated. 

E 



Chap. 6 149 

4 

Discussion - 
The literature contains many reports of experiments 

attempting to determine the changes in cardiac output during 

orthostatsis. It is generally accepted that cardiac output 

decreases upon changing from the horizontal to an upright 

posture or upon tilt. However, reports we have investigated 

concerning the magnitude of this decrease vary from 11-30 per- 

cent depending upon the protocol of the particular experiment. 

Smith, in 1966, tilting subjects passively at 70° for 20 

minutes using the green dye injection method found cardiac 

index to decrease by a mean value of 12.5 percent and stroke 

index to decrease by a mean value of 22 percent (1). Stead, 

et al, using a 70 percent standing tilt for five to eight 

minutes and the Fick method of cardiac output determination 

found a mean decrease in cardiac index of 23 percent ( 2 ) .  

Stevens performed a 90°, 20 minute tilt with subjects suspended 

in a parachute harness using the green dye injection method 

and found cardiac output to decrease by a mean value of 19 

percent and stroke volume to decrease by a mean of 39 percent 

in non-fainters ( 3  1. 

In contrast to most other reports with similar protocol, 

we have found relative cardiac output to decrease by greater 

magnitudes. In experiments of this type, it is most im- 

portant that the subject be completely relaxed and free of 

anxiety and discomfort. Stevens has demonstrated that ortho- 

static tolerance is decreased by the use of intravascular 
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I 

instrumentation ( 3 ) .  With the instrumentation used in this 

study, the anxiety and discomfort of other methods was elimi- 

nated. In no instances did subjects complain of pain or show 

signs of fear due to instrumentation. To illustrate the 

sensitivity of the cardivascular system, subject two on day + 

one at the 42 minute reading (fig, 6 - 3 1  showed a marked res- 

ponse to a dynamite blast from a nearby construction project 

which vibrated the building. Therefore, it is possible that 

the apparently greater decrease in cardiac output without 

syncope tolerated by subjects in this study when compared to 

the results of other investigators may lie in the absence of 

physical and psychic trauma throughout these experiments. 

However, it is also possible that the apparently greater 

decrease in cardiac output observed in these experiments was 

an inherent error in the impedance method. For example, a 

factor for accurate impedance cardiac output determinatons is 

an accurate measurement of the distance between the two inner 

bands. Even when securely taped in position to the subject 

the distance between them varies from the supine to the tilt 

position. Nevertheless, previous experiments done in this 

laboratory (Chapter 1) have shown good correlation in relative 

cardiac output values between the impedance method and the dye 

dilution method. 

Previously mentioned in these results was a transient in- 

crease in mean cardiac output values at the 42 to 47 minute 
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a 

readings (10 to 15 minutes tilt). This observation has been 

reported by other investigators (3). 

In conclusion, the findings of this study indicate the 

impedance method to be a reliable means of determining rela- 

tive cardiac output during orthostasis in the same individual 

from day to day. Further, the subject to subject variation 

appears within the expected range of normal variation. From 

all indications, the results appear satsifactory. 
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AN OXYGEN CONSUMPTION RATE COMPUTING SYSTEM USING 

MASS SPECTROMETRY FOR A N A L Y S I S  O F  R E S P I R A T O R Y  G A S E S  

Chapter  Summary - 

A new system has  been developed f o r  de te rmining  oxygen 
e 

consumption ra tes  of human s u b j e c t s .  The b lock  diagram of 

t h e  system i s  shown i n  f i g .  7 - 1 .  Gas a n a l y s i s  is accomplished 

wi th  a h igh  degree  of s e n s i t i v i t y  by means of a quadrupole  

mass spec t romete r  which p rov ides  a complete q u a n t i t a t i v e  

and q u a l i t a t i v e  a n a l y s i s  of t h e  r e s p i r a t o r y  gases  eve ry  20  

m i l l i s e c o n d s .  Flow ra te  o f  gases  i s  measured by means of a 

Sanborn pneumotachograph system. A Pace T R - 2 0  ana log  computer 

is used for t h e  "on-l ine"  computation of oxygen consumption 

ra te .  Breath-by-breath de t e rmina t ion  of oxygen consumption 

ra te  can  be accomplished i f  d e s i r e d .  The average  oxygen con- 

sumption r a t e  p e r  minute can  a l so  be determined by i n t e g r a t i o n .  

T h i s  system p rov ides  a n  e x c e l l e n t  means for a c c u r a t e  

breath-by-breath a n a l y s e s  of r e s p i r a t o r y  gases  and gas flow 

ra tes  for: 

A. S t u d i e s  of oxygen consumption rates on human s u b j e c t s  under 

v a r i o u s  c o n d i t i o n s  and metabolic a c t i v i t i e s .  

B. Pulmonary f u n c t i o n  t e s t s ;  for example, t h e  de t e rmina t ion  

of t h e  degree  of i n e q u a l i t y  of gas  d i s t r i b u t i o n  i n  t h e  

lungs ,  measurement of t h e  degree  of un i fo rmi ty  of t h e  ven- 

t i l a t i o n - p e r f u s i o n  r a t i o  and t h e  v a r i a t i o n  i n  r e s p i r a t o r y  

q u o t i e n t  du r ing  e x p i r a t i o n .  

F 
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C. Research in respiratory physiology: This system, combined 

with regional measurements through bronchoscopy should 

open up wide research possibilities in the elucidation of 

the changes in pulmonary blood flow associated with various 

diseases. 

D. The mass spectrometer can also be used as a rapid and accurate 

analyzer for substances in the mass range (1-100) 

E. The gas flow rate system can be used independently for 

studies on pulmonary ventilation dynamics. 
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SECTION I. Basic Considerations 

1 5 4  

The determination of the oxygen consumption rate of a 

human subject while breathing room air or any other gas mixture 

requires the accurate quantitative and qualitative analysis of 

expired and inspired gases, as well as the measurement of 

inspired or expired gas flow rate. 

Neglecting pressure differences during the breathing cycle, 

the mathematical relationship for oxygen consumption rate can 

be derived from the conservation of mass equation and gas laws. 

Let: pa = atmospheric pressure 

C = fractional concentration of oxygen in inspired gas 
il 

C. = fractional concentration of C 0 2  in inspired gas 
12 

C. = fractional concentration of water vapor in inspired 
1 3  

gas 

Ti = temperature of inspired gas in degrees Kelvin 

ti = flow rate of inspired gas in liters per minute 

C = fractional concentration of oxygen in expired gas 

C = fractional concentration of C02 in expired gas 

C = fractional concentration of water vapor in expired gas 

Te 

el 

e2 

e3 

= temperature of expired gas in degrees Kelvin 

ire 
6 

= flow rate of expired gas in liters per minute 

= oxygen consumption rate in liters per minute 
0 2  
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The oxygen consumpt ion rate at STP can be written as: 

P 

e3 J (1 - Ce1 - c 

(1 - Ci l  - e .  

e2 
in terms of inspired gas flow rate. 

or: 

in terms of expired gas flow rate. 

The main desirable features in a system f o r  determining oxygen 

consumption rate are the following: 

1. High speed of response: Breath-by-breath analyses enable 

studies of dynamic changes in oxygen consumption rate due to 

physical efforts such as exercise. Time relationships during 

the breathing cycle can also yield valuable information re- 

garding the functional behavior of the lungs. Such studies 

require a system with a high response speed based on rapid 

gas analyses. 

2. Accuracy: To meet physiological criteria. 

3. Sensitivity of the gas analyzing system: A high degree 

of sensitivity of the gas analyzing system is desirable in 

studies covering a wide dynamic range of gas concentrations. 

4. The simultaneous analysis of several gases in a gas mixture. 

The system described here was designed and built to fulfill 

the above requirements for studies on oxygen consumption rates 

of human subjects under various levels of physical activities. 
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SECTION I1 Description of the Oxygen Consumption 

Rate Computing System 

The system comprises three main components: 

A. The quadrupole mass spectrometer for rapid quantitative 

and qualitative analyses of respiratory gases 

B. The gas flow-rate measuring system 

C. The oxygen consumption computing system 

A.  The Quadrupole Mass Spectrometer 

Continuous quantitative and qualitative analysis of res- 

piratory gases is accomplished by means of a quadrupole mass 

spectrometer ( 3 1 ,  which was designed and built in our labor- 

atories. The gas analysing system is therefore composed of 

the following parts. 

1) The gas inlet section: 

The gas inlet section i.s show diagrammatically in 

fig.7-2. Respiratory gases are sampledfrom a small compart- 

ment attached to a mouthpiece via a stainless steel tube, 

0.020" I.D. and 8 feet in length. Two unidirectional rubber 

valves are mounted in the compartment to separate inspired 

and expired gas flows, since the measurement of flow rate of 

either type only is required for oxygen consumption rate deter- 

minations. The sampling end of the stainless steel tube is 

pinched to form a small orifice in order to control the vol- 

ume of the gas sample while maintaining the highest practical 

differential pressure gradient. 

over the use of capillary tubing in that it has a smaller 

This method has the advantage 

1 5 6  

a 
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response time. The sampling tube is, in turn, connected via 

a high-vacuum valve to an intermediary compartment which is 

pumped differentially by means of a Welch mechanical pump. 

The majority of the gas sample is last to the pump and a very 

small fraction (of the order of bL/sec at 2 Torr) is allowed 

to enter the mass analyzer section via a small ( 1 0 0 ~  diameter) 

orifice. Differential pumping in this manner is necessary for 

maximizing the response speed of the system f o r  breath-by- 

breath analysis of respiratory gases. Provisions are made for 

heating the sampling tube electrically in order to facilitate 

the introduction of water vapor into the mass spectrometer f o r  

analysis 

INSPIRED MASS SPECTROMETER 
STULESS HOUSING 
STEEL 

MOUTHPIECE AIR 

- - -  

TO WLLCH PUMP 

UFCERLNTUL 

TRANSDUCER 

EXPIRE0 Uff 

Fig. 7-2  Respiratory gas i n l e t  to the mass spectrometer 

2) The mass analyzing section: 

The mass analyzing section is enclosed in a glass vacuum 

system and consists of the following: 

n 
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a) The ion source: 

A Nier-type electron bombardment source (1,2) is used 

f o r  ionizing the sampled respiratory gas molecules. A heated 

Tungsten filament (5 watts heating power) provides the necessary 

electron beam current for ionization by electron impact, A *i 

schematic representation of the ion source is shown in fig. 7 - 3 .  

The positive ions formed in the ionization chamber by the 

90 eV electrons are accelerated into the quadrupole mass spec- 

trometer by applying a positive potential (about 20V) to the 

repeller plate. This potential constitutes, therefore, the 

accelerating potential for the ions in the mass spectrometer 

since the entrance to the quadrupole analyzing field is at 

ground potential due to the symmetry of the applied electric 

fields. 

ION SOURCE 

Fig. 7-3 

22.5'4 

l 8 0 V  
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b )  The quadrupole  ana lyz ing  f i e l d :  

1. P r i n c i p l e  of o p e r a t i o n :  

P o s i t i v e l y  charged p a r t i c l e s  are sepa ra t ed  i n  t h e  

quadrupole  ana lyz ing  s e c t i o n  accord ing  t o  t h e i r  mass-to-charge 
P 

, 

r a t i o .  The basic p r i n c i p l e  upon which s e p a r a t i o n  i s  achieved  

can be expla ined  from a c rude  p h y s i c a l  s t a n d p o i n t  as follows: 

I mass SCOIO 

(d) 
PRINCIPLE OF OPERATION OF 

THE QUADRUPOLE MASS SPECTROMETER 

Fig. 7-4 

Consider t w o  c i r c u l a r  rod-shaped electrodes oE equal l e n g t h  

L and d i s t a n c e  2 r o  c e n t i m e t e r s  a p a r t  as shown i n  fig. 7-4(a). 

Assume a p o s i t i v e  d.c. p o t e n t i a l  (+VI i s  a p p l i e d  t o  both elec- 

t r o d e s  s imul taneous ly  wi th  r e s p e c t  t o  t h e  axis of symmetry (:.e. 

t h e  midpoint  between t h e  two r o d s  i s  assumed t o  be maintained a t  
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ground p o t e n t i a l ) .  A p o s i t i v e  i o n  i n j e c t e d  i n  t h i s  e l e c t r i c  

f i e l d  r e g i o n  w i l l  be  res t r ic ted  n e a r  t h e  c e n t r a l  a x i s  by t h e  

r e p u l s i v e  f o r c e s  due t o  t h e  p o s i t i v e  p o t e n t i a l  on t h e  t w o  

e l e c t r o d e s .  I n  o t h e r  words,  t h e  p o s i t i v e  i o n  w i l l  o s c i l l a t e ,  

b u t  t e n d  t o  remain a t  t h e  bottom o f  t h e  " v a l l e y "  c r e a t e d  by 

t h e  p o t e n t i a l  d i s t r i b u t i o n .  T h i s  e l e c t r i c  f i e l d  conf igu ra -  

t i o n  co r re sponds  t o  a " s t a b l e "  c o n d i t i o n  fo r  p o s i t i v e  i o n s ,  

independent  of t h e i r  mass-to-charge r a t i o  (M). 

Consider ing  now t h e  case of two e l e c t r o d e s  i d e n t i c a l  t o  t h e  

p r e v i o u s  c o n f i g u r a t i o n ,  however, w i t h  a n e g a t i v e  a p p l i e d  d.c. 

p o t e n t i a l .  (-VI as shown i n  f i g .  7-4 ( b ) .  S i m i l a r  analogy 

shows t h a t  p o s i t i v e  i o n s  w i l l  he swept t o  t h e  rods and are 

t h e r e f o r e  i n  an  " u n s t a b l e "  c o n d i t i o n  s i n c e  t h e y  are p o s i t i o n e d  

on a " h i l l "  c r e a t e d  by t h e  p o t e n t i a l  d i s t r i b u t i o n .  

If a n  a.c. f i e l d  i s  superimposed on t h e  s tab le  conf igu r -  

a t i o n  ( a )  w i t h  a peak ampl i tude  ( V I  l a r g e r  t h a n  U ,  and a pos i -  

t i v e  i o n  of small mass-to-charge r a t i o  i s  i n j e c t e d  very  n e a r  

t h e  symmetry a x i s  o f  t h e  f i e l d ,  it i s  a b l e ,  due t o  i t s  l i g h t  

mass, t o  respond e a s i l y  t o  t h e  changes i n  t h e  e l ec t r i c  f i e l d .  

Hence as t h e  r e s u l t a n t  f i e l d  becomes n e g a t i v e  d u r i n g  p a r t  o f  

t h e  n e g a t i v e  h a l f  c y c l e  o f  t h e  a.c. f i e l d ,  t h e  p o s i t i v e  i o n  

w i l l  be accelerated towards t h e  e l e c t r o d e s  g a i n i n g  a subs t an -  

t i a l  amount of v e l o c i t y .  The fo l lowing  p o s i t i v e  h a l f  c y c l e  

of t h e  a.c. f i e l d  w i l l  have an  even g r e a t e r  i n f l u e n c e  on t h e  

motion of  the i o n ,  caus ing  it t o  r e v e r s e  i t s  d i r e c t i o n  and 

accelerate away from t h e  e l e c t r o d e s  w i t h  a l a r g e r  f o r c e .  The 

n e t  r e s u l t  i s  t h a t  t h e  i o n  w i l l  e x h i b i t  o s c i l l a t i o n s  w i t h  i n -  

c r e a s i n g  ampl i tudes  u n t i l  it f i n a l l y  s t r i kes  one o f  t h e  two 

s 



E 

1 6 1  
e l e c t r o d e s .  The l i g h t e r  t h e  i o n  i n  mass, t h e  smaller t h e  number 

Chap. 7 Sec t .  I1 

of a.c. c y c l e s  e l a p s e d  b e f o r e  it i s  c o l l e c t e d  by t h e  e l e c t r o d e .  

Hence, p o s i t i v e  i o n s  wi th  small mass-to-charge ra t ios  become 

"uns t ab le . "  On t h e  o t h e r  hand, p o s i t i v e  ions  wi th  l a r g e  mass- 

to-charge ra t ios  (heavy i o n s )  would move v e r y  s lowly  i n  t h e  

f i e l d  and t h e i r  v e l o c i t y  i s  v i r t u a l l y  u n a f f e c t e d  by t h e  s h o r t  

p e r i o d  of a t t r a c t i v e  forces d u r i n g  t h e  a.c. c y c l e .  They w i l l  

t end  t o  osc i l la te  i n  t h e  f i e l d  and remain " s t a b l e . "  The 

f i e l d  c o n f i g u r a t i o n  r e p r e s e n t e d  i n  f i g .  7 - 4 ( a )  can t h e r e f o r e  

be cons idered  as a "High-pass Mass F i l t e r . "  Heavy p o s i t i v e  

i o n s  i n j e c t e d  p a r a l l e l  t o  t h e  a x i s  o f  t h e  f i e l d  w i l l  therefore 

osc i l la te  wi th  a f i n i t e  ampl i tude  and e x i t  from t h e  f a r  end 

of t h e  f i e l d ,  wh i l e  l i g h t  p o s i t i v e  i o n s  w i l l  be swept away 

from t h e  f i e l d  and c o l l e c t e d  by t h e  e l e c t r o d e s .  

Consider ing now t h e  f i e l d  geometry 7-4(b) wi th  a n  a.c. 

f i e l d  superimposed on t h i s  u n s t a b l e  c o n f i g u r a t i o n  wi th  a 

peak ampli tude V l a r g e r  t h a n  t h e  magnitude of U. 

case, it is  e a s i l y  seen  that p o s i t i v e  i o n s  wi th  s m a l l  rnass- 

to-charge  ra t ios  w i l l  become s t a b l e ,  whi le  heavy p o s i t i v e  

i o n s  w i l l  g r a d u a l l y  d r i f t  toward t h e  e l e c t r o d e s  s i n c e  t h e y  

w i l l  n o t  respond t o  any s i g n i f i c a n t  e x t e n t  t o  t h e  s m a l l  re- 

p u l s i v e  force e x i s t i n g  du r ing  p a r t  of t h e  p o s i t i v e  h a l f  

c y c l e  of t h e  a.c. f i e l d .  Th i s  f i e l d  geometry corresponds 

t h e r e f o r e  t o  a "Low-pass Mass F i l t e r . "  

I n  t h i s  

These t w o  f i e l d  geometr ies  (7-4a and 7-4b) are combined 

i n  t w o  pe rpend icu la r  d i r e c t i o n s  as shown i n  f i g .  7-4c,  t o  

produce a "Band-pass Mass F i l t e r . "  Motion of t h e  p o s i t i v e  
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i o n s  i n  t h e  x - d i r e c t i o n  i s  c o n t r o l l e d  by The high-pass  f i l t e r ,  

while t h a t  i n  t h e  y - d i r e c t i o n  i s  c o n t r o l l e d  by t h e  low-pass 

f i l t e r .  T h e r e f o r e ,  i n  order f o r  a p o s i t i v e  i o n  e n t e r i n g  a t  

one end of t h i s  combined f i e l d  geometry t o  p e n e t r a t e  th rough 

the  f i e l d  and e x i t  from t h e  o t h e r  end, it must undergo s t ab le  p 

o s c i l l a t i o n s  i n  bo th  the  x and y d i r e c t i o n s .  

pa rame te r s  ma in ta ined  c o n s t a n t ,  t h i s  s t a b i l i t y  i s  dependent  

upon t h e  i o n ' s  mass-to-charge r a t i o  (MI. Other  p a r t i c l e s  w i t h  

d i f f e r e n t  mass-to-charge r a t i o s  are  swept o u t  o f  t h e  e l ec t r i c  

f i e l d  and collected by t h e  rod-shaped e l e c t r o d e s .  T h i s  is t h e  

p r i n c i p l e  upon which t h e  quadrupole  mass s p e c t r o m e t e r ,  or more 

a p p r o p r i a t e l y  d e s i g n a t e d  as t h e  "Mass f i l t e r , "  o p e r a t e s .  

With a l l  o t h e r  
v 

The pass-band of t h i s  f i l t e r  i s  i d e a l l y  i n f i n i t e l y  s h a r p  

as shown i n  f i g .  7-4d .  I n  p r a c t i c e ,  t h e  deg ree  of sha rpness  

of t h e  band is  i n f l u e n c e d  by t h e  i n i t i a l  e n t r a n c e  c o n d i t i o n s  

o f  t h e  i o n s ,  such as t h e i r  r a d i a l  energy  and i n i t i a l  d i s p l a c e -  

ment. T h i s  d e v i a t i o n  o f  i n f i n i t e  sha rpness  c o n d i t i o n s  a p p e a r s  

as t a i l s  i n  t h e  peaks o f  mass s p e c t r a .  The wid th  o f  t h e  pass -  

band i s  de termined  main ly  by t h e  r a t i o  of t h e  magnitudes of 

a.c. t o  d .c .  v o l t a g e s ,  i . e .  I V / U l .  I t  i s  e v i d e n t  t h a t  f o r  

l V l < l U l  - t h e  wid th  of t h e  pass-band i s  zero.  S i n c e  t h e  mass- 

to -cha rge  r a t i o  f o r  p o s i t i v e  i o n s  is a d i s c r e t e ,  and n o t  con- 

t i n u o u s  f u n c t i o n ,  it i s  also e v i d e n t  t h a t ,  from a p r a c t i c a l  

s t a n d p o i n t ,  t h e  wid th  o f  t he  band would be zero for V>U up 

t o  M=l. (Th i s  co r re sponds  t o  t h e  a tomic  hydrogen i o n ) .  There 

i s  a l s o  a maximum p r a c t i c a l  l i m i t  t o  t h e  I V / U l  r a t i o ,  namely 

t h a t  t h e  ampl i tude  o f  o s c i l l a t i o n  of s table  i o n s  for l a r g e  

M B 
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would exceed t h e  p h y s i c a l  dimensions of t h e  f i e l d  (21- 1 re- 

s u l t i n g  i n  t h e s e  i o n s  s t r i k i n g  t h e  rod-shaped e l e c t r o d e s .  

The p o s i t i o n  of t he  pass-band a t  optimum r e s o l u t i o n ,  

0 

i .e.  the d e s i r e d  s t a b l e  mass-to-charge r a t i o  i o n s  (M 1 ,  i s  

determined by the fa l lowing  r e l a t i o n s h i p s :  
S 

M = 0 .1372V/ ro  2 2  f 
S 

and 
= 0.8176U/ro L L  f 

MS 

where 

Ms = mass-to-charge r a t io  i n  atomic u n i t s  of t he  desired s table  ion .  

" = 16) (e .g .  U 2  = 3 2 ,  O2 t 

V = a.c. peak v o l t a g e  ampl i tude  i n  v o l t s  

W = d.c.  v o l t a g e  ampl i tude  i n  v o l t s  

= f i e l d  r a d i u s  i n  c e n t i m e t e r s ,  and is e q u a l  t o  1 / 2  the  d i s t a n c e  
rO 

between any t w o  o p p o s i t e  e l e c t r o d e s .  

f = f requency of a p p l i e d  a.c. v o l t a g e  i n  MHz. 

General  des ign  c o n s i d e r a t i o n s  f o r  t h e  quadrupole mass s p e c t r o -  
meter: - 

A de ta i l ed  r e p o r t  on t he  t h e o r y  of t h e  quadrupole mass 

spec t rometer  has been g iven  by M. Mosharrafa and H. J.  Oskam ( 4 ) .  

It w i l l  s u f f i c e  here, therefore, t o  o u t l i n e  a g e n e r a l  des ign  

procedure t o g e t h e r  w i t h  a summary of t h e  basic formulae used 

i n  t h e  d e s i g n  of a n  ins t rument  of t h i s  t ype .  

Summary of d e s i g n  formulae: 

The r e l a t i o n s h i p s  between t h e  v a r i o u s  "mass f i l t e r "  para-  

meters which de termine  the  s t a b i l i t y  of a n  i o n  of a s p e c i f i c  
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mass-to-charge r a t i o  (Ms) are summarized i n  t h e  fo l lowing  

d e s i g n  formulae:  

( A r o ’ r o  ’max = ( A M ~ / ~ M ~ )  (1) 

v o l t s  
S 

= 4 . 2 6  x 1 0 z L 2 f 2 M  acc. U 
max . ( 2 )  

V = 7 . 2 8 7 ~  2f2Ms v o l t s  

U = 1 . 2 2 3 r 0 2 f 2 M s  v o l t s  ( 4 )  

P = 6 . 5  x 10’4x C M s 2 f 5 p 0 4 / Q  wat t s  

( 3 )  
0 

(5) 

= 0.667V(AMs/Ms) e l e c t r o n  v o l t s  ( 6 )  
max . 

B 

where 

r = f i e l d  r a d i u s  o f  quadrupole  ana lyz ing  f i e l d  i n  crns. 

ATo 

‘acc. 

0 

= maximum a l l o w a b l e  dimensional  t o l e r a n c e  i n  ro i n  crns. 

max . = maximum a l l o w a b l e  i o n  a c c e l e r a t i n g  p o t e n t i a l  i n  

v o l t s .  

L = l e n g t h  o f  quadrupole  ana lyz ing  f i e l d  i n  meters. 

f = f requency of a p p l i e d  a.c. v o l t a g e  i n  MHz. 

Ms = mass-to-charge r a t i o  o f  d e s i r e d  stable ion .  

AMs = wid th  of t h e  s t a b l e  mass peak (Ms) a t  50% of  i t s  h e i g h t  

( M s / A M s )  i s  t h e r e f o r e  a d e f i n i t i o n  for  t h e  r e s o l u t i o n  

of t h e  mass spec t romete r .  

P = r.f. d r i v i n g  power r e q u i r e d  i n  watts. 

C = c a p a c i t y  of t h e  s y s t e m  i n  p p f .  

Q = q u a l i t y  f a c t o r  of t h e  o u t p u t  c i r c u i t  

U = maximum a l l o w a b l e  r a d i a l  energy  of t h e  i o n s  a t  t h e  

e n t r a n c e  t o  t h e  ana lyz ing  f i e l d  i n  e l e c t r o n  v o l t s .  
rrnax. 
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Design Procedure (5) 

1. The desired mass range and maximum resolving power of 

the instrument should be known. 

The maximum desired resolving power sets the upper limit 

on allowable machining and construction tolerances, 

therefore providing a minimum practical value of field 

radius Po to be considered. 

The field radius ro is chosen, based on a compromise 

between mechanical tolerance on the one hand, and radio 

frequency power requirements which increase proportional 

to on the other. 

2. 

3 .  

4 .  A choice of the length of the quadrupole analyzing field 

is made, based on a compromise between the power require- 

ments> which increased linearly with length (the capacity 

of the system is  proportional to length), and the minimum 

practical required accelerating potential for a defined 

resolving power. 

5. Choice of operating frequency and necessary rf and dc 

applied voltages: It is evident that the mass filter could 

be "tuned" to any stable mass-to-charge ratio Ms utilizing 

several combinations of frequencies and voltage amplitudes. 

It is therefore important to take the following consid- 

erations into account when choosing the most appropriate 

values. a) Examination of equation 3 reveals that, for the 

same desired value of Ms higher frequencies will require 

less voltage amplitudes. However, equation 5 shows that 

rf power requirements increase proportional to f5 

L 
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Therefore a compromise has to be made again to employ * 

practical power and voltage values. b) Since scanning of 

the mass range can be accomplished bv either a frequency 

o r  voltage amplitude sweep, consideration must be taken 

with regards to upper limiting values of  either and their 

demands on power requirements. Voltage amplitude sweep, 

however, o f f e r s  the advantage of a linear mass scale as 

shown by equations 3 and 4.  c) The frequency of operation 

should be chosen such that the maximum allowable accelerating 

potential Uacc 

limits for each required M value and resolving power. 

given by equation 2 lies within reasonable 
' max . 

S 

6, Mechanical design considerations: 

The type of construction of the quadrupole analyzing field 

depends entirely on the type of application f o r  which it is 

to be used. Fields of smaller radii and lengths constructed 

utilizing circular rods are feasible when the ultimate re- 

quired resolving power is not high. The construction can 

therefore be made very simple, compact and light in weight. 

This type of construction would be quite favorable for space 

vehicle installation. On the other hand when a high re- 

solving power is required, quadrupole field accuracy 

necessitates larger dimensions and extreme precision in 

construction and alignment. 

7. Vacuum system design: 

Due to the relative insensitivity of the spectrometer to 

the background pressure, a distinct feature which permits 
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satisfactory operation up to pressures of Torr, the 

vacuum system requirements are not critical. If clean 

ultra-high vacuum is required, however, facilities for 

system bakeout have to be introduced and precautions have 

to be made with regards to choice of materials, impurity 

traps, etc. It is important to note that in this case an 

added precaution has to be made for bakeable systems, namely 

the close matching of thermal expansion coefficients for 

all materials involved. This is necessary in order not 

to affect the original tolerances and alignment of the 

spectrometer upon bakeout. 

The quadrupole mass spectrometer used for oxygen consumption 

rate determinations was designed 

specifications: 

Length of analyzing field L 

Field radius ro 

Operating rf frequency f 

Range of mass analysis 

Operating resolution Ms/AMs 

Maximum resolution 

Peak rf voltage amplitude 

dc voltage amplitude 

Voltage amplitude sweep rate 

and built with the following 

= 10 centimeters 

= 0.5 centimeters 

= 2.1 MHz. 

= 1-50 

= 50 

= 100 

= 8.033 volts per unit Ms 

= t1.348 volts per unit Ms 

= 50 Hz. 

Vacuum system: glass enclosure, 8 liters/sec differential 

ionization pump. Background pressure less 

than 10-8 Torr. 

Ion acceleration voltage = 22.5 volts dc. 
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3 )  The D e t e c t i o n  System: 

The mass f i l t e r e d  i o n s  a r r i v i n g  a t  t h e  e x i t  o f  t h e  

quadrupole  a n a l y z i n g  f i e l d  are a m p l i f i e d  by a 10-s tage  Dumont 

e l e c t r o n  m u l t i p l i e r  w i t h  Cu-Be Dynodes o p e r a t i n g  a t  200  v o l t s  

p e r  s t a g e .  

The o u t p u t  c u r r e n t  (mass spec t rum)  from t h e  e l e c t r o n  m u l t i p l i e r  

The g a i n  of t h e  i n u l t i p l i e r  i s  approximate ly  l o 5 .  

i s  f u r t h e r  a m p l i f i e d  v i a  a h i g h  g a i n  s o l i d  s ta te  a m p l i f i e r  shown 

s c h e m a t i c a l l y  i n  f i g .  7-5 .  

JOpf 0.02uf ZOOpf 

Fig.  7-5 Mass spectrum c u r r e n t  a m p l i f i e r  

Th i s  a m p l i f i e r  c o n s i s t s  of two s t a g e s ,  a h i g h  i n p u t  i m -  

pedance s t a g e  u s i n g  a d i f f e r e n t i a l  o p e r a t i o n a l  a m p l i f i e r  

(Analog Devices Model 301) o p e r a t i n g  as  a c u r r e n t  a m p l i f i e r  

w i th  u n i t  v o l t a g e  g a i n  fo l lowed by a second s t a g e  which p rov ides  

adequate  v o l t a g e  g a i n  us ing  a Nexus Model SA-2 o p e r a t i o n a l  

a m p l i f i e r .  The a m p l i f i e d  mass s p e c t r a l  c u r r e n t  c o n s i s t s  o f  a 

series o f  Gaussian shaped c u r r e n t  p u l s e s  ( p e a k s ) ,  each peak 
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DELAY 2 

signal corresponding to one of the constituents of the gas 

mixture being analyzed. 

through the use of a multivibrator-relay switching circuit. 

This circuit shown in figs. 7-6,  7-7 serves to separate the 

mass spectrum into the pertinent component peaks and enables 

the continuous monitoring and measurement of the components 

of the respiratory gas mixtures. 

for monitoring C 0 2 ,  02, N2, H20 respectively. 

This current is subsequently channeled 

Four channels are available 

The General Radio type 1201C master pulse generator which 

triggers the mass spectrometer sweep voltage also triggers the 

DELAY 3 

channeling multivibrator circuit in order to maintain constant 

time relationships. A Tektronix model 260  monitor oscilloscope 

is attached to the output of the solid state amplifier for 

visual monitoring of the mass spectrum. 

RELAY 2 RELAY 3 

BLOCK DIAGRAM OF CHANNELING CIRCUITS 

Fig. 7-6 
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B. Flow rate measuring system: 

The flow rate of expired air during the breathing cycle 

is measured with a Sanborn pneumotachograph system. 

consists of a Sanborn pneumotachograph screen which develops 

a differential pressure proportional to the rate of flow of 

air through the screen. Three such screens are available for 

covering flow rates ranging from 0 to 600 litres/min. The 

differential pressure is measured with a Model 270 Sanborn 

differential pressure transducer and a Sanborn model 350-3OOUC 

carrier pre-amplifier. 

amplifier which is proportional to the instantaneous flow rate 

of expired air is used for computation of the oxygen consumption 

rate, and can also be recorded on a Sanborn model 296 strip- 

chart recorder. This permits time interval correlation analysis 

This 

The output signal of the carrier pre- 

of gas flow rate, C O P ,  O2 concentrations, and oxygen consumption 

rate, provided the response time of the gas analyzing system is 

taken into account. 

C. Computing system: 

A simplified expression for oxygen consumption rate was 

used in which the water vapor content in inspired and expired 

air, temperature, and pressure were neglected. The previous 

expression in terms of expired gas flow rate, therefore, 
c 1 

reduces to: 
(Cil -‘e 1) + (‘e 1ci2-ci ‘e2 ) 

ir = i2 
(1 - Cil - c .  ) 02 

12 

Computation of oxygen consumption was performed using a Pace 

TR-20 analog computer. The computer program is shown in fig. 7-8 .  
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The computer amplitude scaling factor for concentration was 

taken as: +10 volts corresponds to 100% concentration. 

173 

Let 

XI 

x2 

Y1 

Y2 

Z 

K 

= mass spectrometer output voltage corresponding to 

inspired oxygen concentration (C in volts 
i l  

= mass spectrometer output voltage corresponding to 

oxygen concentration in expired air ( C  1 in volts 
el  

= mass spectrometer output voltage corresponding to 

inspired CO, concentration (C. 1 in volts 
12 

= mass spectrometer output voltage corresponding to 

CO2 concentration in expired air ( C  1 in volts 
e2 

= output voltage of pneumotachograph system corresponding 

to flow rate V2 in volts 

= amplitude scaling factor for flow rate 

Therefore 
2.09 - 

Gain factor for oxygen: GI = x1 

assuming 20.9% 0 2  in the inspired gas. 
- 0.004 

Y1 Gain factor fo r  C02 : G2 - 
assuming .04% C 0 2  in the inspired gas. 

These gain factors will be constants since the mass spectrometer 

system is highly linear throughout the range of oxygen and C 0 2  

variation. This choice of scaling factor is very advantageous 

since the analog multiplier provides the necessary division by 

a factor of 10 and hence the output represents true fractional 

4 "F c * 
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c o n c e n t r a t i o n s .  The s e n s i t i v i t y  o f  t h e  system i s  t h e r e f o r e  

determined by t h e  s c a l i n g  factor fo r  flow ra te ,  i . e .  s c a l i n g  

factors f o r  f low rate  and oxygen consumption r a t e  are i d e n t i c a l .  

K 
Gain f a c t o r  f o r  flow r a t e  6 3  = z 

- 

For tes ts  on human s u b j e c t s  under  r e s t i n g  c o n d i t i o n s ,  K w a s  

t a k e n  as 5 .0  v o l t / l i t e r / s e c  which i s  a l s o  t h e  s c a l i n g  f a c t o r  

for oxygen consumption ra te  as d e s c r i b e d  above. 

The mass s p e c t r o m e t e r  o u t p u t  s i g n a l s  cor responding  t o  

oxygen and C O 2  are f e d  i n t o  t h e  o p e r a t i o n a l  a m p l i f i e r s  3 and 

4 r e s p e c t i v e l y  ( f i g .  7 - 8 1  which s e r v e  as ave rag ing  a m p l i f i e r s  

and p r o v i d e  t h e  g a i n  for prope r  s c a l i n g .  

summing t o  a m p l i f i e r s  6 ,  7 and 8 ,  t h e  s i g n a l  i s  f e d  i n t o  t h e  

X a x i s  o f  t h e  ana log  m u l t i p l i e r .  Ampl i f i e r  5 p rov ides  t h e  

p rope r  g a i n  s c a l i n g  f a c t o r  f o r  t h e  o u t p u t  s i g n a l  from t h e  

pneumotachograph system cor responding  t o  t h e  e x p i r e d  f low r a t e  

of a i r .  T h i s  i n  t u r n  i s  f e d  i n t o  t h e  Y s e c t i o n  o f  t h e  m u l t i p l i e r  

and t h e  r e s u l t a n t  o u t p u t  of t h e  m u l t i p l i e r  i s  f e d  i n t o  a m p l i f i e r  

1 0 ,  a u n i t y  g a i n  a m p l i f i e r  a c t i n g  as a n  i n v e r t e r .  I n  a d d i t i o n ,  

a s i g n a l  cor responding  t o  t h e  s e t t i n g  o f  p o t e n t i o m e t e r  7 (k) 

s e r v e s  t o  c o r r e c t  f o r  t h e  z e r o  o f f s e t  o f  t h e  m u l t i p l i e r .  The 

o u t p u t  v o l t a g e  of a m p l i f i e r  1 0  is t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  

i n s t a n t a n e o u s  oxygen consumption r a t e ,  t h e  p r o p o r t i o n a l i t y  

c o n s t a n t  be ing  K.  

Af te r  a p p r o p r i a t e  

It  i s  u s u a l l y  d e s i r a b l e  t o  de te rmine  oxygen consumption 

ra tes  of human s u b j e c t s  averaged o v e r  l o n g e r  p e r i o d s  o f  t i m e ,  

r a t h e r  t h a n  brea th-by-brea th  va lues .  For t h i s  purpose a n  
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automatic reset integrator of breath-by-breath oxygen con- 

sumption rates has been included in the computing circuitry. 

This integrator (12) resets automatically after any desired 

integration time (up to 2 minutes) via the ramp generator (11) 

and the relay comparator (e1). 
amplifier 11 through potentiometer 8, the output of amplifier 11 

is a ramp function with a slope determined by the step voltage 

amplitude (i.e. setting of potentiometer 8 ) .  This ramp function 

is compared with a constant voltage, determined by the setting 

of potentiometer 9, using the relay comparator. At the instant 

the two voltages become equal, the relays are activated thereby 

resetting the oxygen consumption rate integrator (12) as well 

A step voltage is applied to 

as the ramp function generator. 

controlled by the setting of both potentiometers 8,9. The 

output of integrator 12, therefore, represents the total oxygen 

consumed during the time period selected and can be recorded on 

a suitable recorder. 

The integration time To is 
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SECTION 111. Performance C h a r a c t e r i s t i c s  

The oxygen consumption r a t e  computing system has  been 

s u c c e s s f u l l y  t e s t e d  and a d j u s t e d  f o r  optimum performance. 

T y p i c a l  o p e r a t i n g  c o n d i t i o n s  are as fo l lows :  

Mass s p e c t r o m e t e r  o p e r a t i n g  p r e s s u r e :  2 x Torr .  

Mass s p e c t r o m e t e r  s e n s i t i v i t y :  approximate ly  5 0  mi l l iamps  

p e r  torr w i t h  5 watts of d i s s i p a t i o n  i n  t h e  i o n  source  

f i l a m e n t  and a n  anode c u r r e n t  of 5 microamps. 

Speed of response :  Defined as t h e  time i n t e r v a l  between 

t h e  change i n  c o n c e n t r a t i o n  of a c o n s t i t u e n t  of t h e  3 

r e s p i r a t o r y  gas a t  t h e  i n l e t ,  and t h e  r e c o r d i n g  of t h e  

cor responding  change i n  mass s tectrometer  o u t p u t  s i g n a l .  

T h i s  r e sponse  t i m e  w a s  measured t o  be  approximate ly  30  

m i l l i s e c o n d s .  T h i s  t i m e  i n t e r v a l  c o n s t i t u t e s  a c o n s t a n t  

l a g  between p h y s i c a l  change and observed s i g n a l .  The 

a c t u a l  t r a n s i t  t i m e  of t h e  i o n s  i n  t h e  mass spec t romete r  

i s ,  however, of t h e  o r d e r  o f  2 0  microseconds.  

Good s t a b i l i t y ,  low n o i s e  l e v e l ,  and r e p r o d u c i b i l i t y  of t h e  

system (+1%) - have been ach ieved .  

The oyxgen consumption ra te  computing system h a s  been 

t e s t e d  i n  exper iments  on human male and female s u b j e c t s  a t  v a r i o u s  

l e v e l s  of metabolic a c t i v i t y .  

r a t e s  averaged  o v e r  one minute  t i m e  i n t e r v a l s  were made on 

s u b j e c t s  a t  r e s t ,  s i t t i n g  on a b i c y c l e  e rgometer ,  and a t  50 w a t t  

and 1 0 0  w a t t  l e v e l s  of e x e r c i s e .  F ig .  7-9 shows t h e  r e s u l t s  of 

a n  experiment  performed on a h e a l t h y  male human s u b j e c t ,  age  31. 

Measurements of  oxygen consumption 
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OXYOEN co(IuycTM)( OF HEALTHY YALE SUIJENCT 

M N O  REST AND EXERGIS 

Fig. 7-9 

The s u b j e c t  w a s  a l lowed t o  rest i n  a s i t t i n g  p o s i t i o n  f o r  

1 5  minutes  p r i o r  t o  t h e  s ta r t  of t h e  experiment .  

oxygen consumption w a s  t h e n  measured o v e r  s u c c e s s i v e  one 

H i s  t o t a l  

minute t i m e  i n t e r v a l s  i n  o r d e r  t o  t e s t  t h e  r e p r o d u c i b i l i t y  

of t h e  system. This  va lue  was found t o  be 234  STP cc/minute  

- +1% o v e r  a t o t a l  p e r i o d  of 6 minutes .  

a n o t h e r  s u b j e c t ,  however, res t  v a l u e s  of oxygen consumption 

v a r i e d  o v e r  - + 2 5 %  dur ing  t h e  same t i m e  p e r i o d  o f  6 minutes . )  

( I n  a n  experiment wi th  
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The s u b j e c t  commenced e x e r c i s i n g  on a b i c y c l e  ergometer  w i th  a 

50 w a t t  l o a d  f o r  a p e r i o d  of 4 minutes .  

w a s  t h e n  measured for t h e  d u r a t i o n  of t h e  f o u r t h  minute ,  and 

f o r  the  succeeding  t h r e e  minutes  of r ecove ry  fo l lowing  exer- 

cise.  F i g ,  7-9 shows t r a c i n g s  of s t r i p - c h a r t  r e c o r d i n g s  of 

average  e x p i r e d  a i r  flow rate  and oxygen consumption a t  

res t  ( 2 3 4  STPcc/min) and for t h e  f o u r t h  minute  of e x e r c i s e  

a t  50  watts ( 6 6 7  STPcc/min), The amount of oxygen consumed 

dur ing  t h e  f i r s t  and second minutes  of r ecove ry  from exer- 

c ise  were measured t o  be 4 7 0  STPcc and 371 STPcc r e s p e c t i v e l y .  

Oxygen consumption 

The e x e r c i s i n g  load  was subsequent ly  inc reased  t o  1 0 0  watts 

f o r  t h e  same p e r i o d  of t i m e  ( 4  minutes )  and t h e  procedure 

w a s  r e p e a t e d  i n  a n  i d e n t i c a l  manner t o  t h e  5 0  watt  e x e r c i s e  

load. The oxygen consumption du r ing  t h e  v a r i o u s  one minute 

i n t e r v a l s  were found t o  be as follows: 

0. 

1. 

2. 

3 .  

4 .  

5. 

4 t h  minute  e x e r c i s e :  895 STPcc 

1st minute recovery :  8 0 0  STPcc 

2nd minute recovery :  468 STPcc 

3rd  minute recovery :  332  STPcc 
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